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Continued miniaturization of microelectronic devices over past decades has brought the 
device feature size towards the physical limit. Likewise, enormous ‘waste energy’ in the 
form of self-heating in almost all of the electronic and optoelectronic devices needs an 
‘energy-efficient low power’ and ‘high performance’ material as well as device with 
alternate geometry. III-V semiconductors are proven to be one of the alternate systems 
of materials for various applications including CMOS devices, low power and high 
performance transistor devices, power transistors, as well as thermoelectric applications. 
InSb, being the bulk semiconductor with lowest bandgap, highest mobility, low effective 
mass, and highest spin-orbit coupling has potential of providing numerous novel 
applications. Also, InSb in nanowire form has not been explored in many aspects. First 
part of this thesis explores the possibility of growing InSb nanowires using solution 
based electrodeposition technique followed by field effect transistor studies. InSb 
nanowires have recently shown very promising magneto-transport properties at low 





demonstrates initial low temperature device studies on hybrid devices with InSb 
channel and superconducting electrodes (aluminum). In the last section of InSb 
nanowire studies, the thesis explores hierarchial branched nanowires with different 
diameters that demonstrate near unity optical absorption in UV-VIS regime and 
wavelength dependent absorption in near infrared (NIR) regime. A photonic coupling 
model was developed to explain the phenomena. The unique photonic properties of the 
structurally tailored branched nanowire arrays could be used to devise new types of 
photonic, optoelectronics and/or photovoltaic devices.    
The second half of the thesis explores another class of hybrid material structure 
involving 2D semiconductor/semimetal ‘Graphene’ and 1D silver nanowires. While the 
ultimate goal was to push the limit of ‘transparent and flexible technology’ the thesis, 
also critically explores the physics of percolation doping to beat the conduction-
transparency bottleneck. The thesis demonstrates theory of ‘co-percolation’ involving 
two individual networks in which the invidual’s weakness is circumvented by the other. 
This study not only applies to the particular system chosen but also could be readily 
applied to any large scale 2D-1D nanoscale systems such as layered semiconductors, 












This chapter discusses the motivation and overview of nanoscale semiconductor 
materials involving 1D, 2D, and their hybrid structures. Proof-of-concept devices are 
fabricated and characterized to demonstrate their unique electronic and photonic 
phenomena. Some of the proof-of-concept devices conceived in the thesis are proposed 
for future research direction. Most of the work in this thesis is aimed to exploit the 
material properties at ‘nanoscale’ to: (i) fabricate and characterize single nanowire field 
effect transistors (NWFETs), (ii) fabricate and characterize hybrid-NW devices to host rich 
fundamental physics in a single nanowire, (iii) grow hierarchical array of nanowires of 
varying diameters to demonstrate photonic coupling and design possible infrared 
detector, and (iv) discover co-percolating transport in 1D and 2D network structures to 
design systems that can beat the electrical conductivity-optical transmittance bottleneck 
of Transparent Conducting Electrodes (TCEs) – such TCEs have emerging applications in 
variety of flexible and transparent photovoltaic and optoelectronic devices.   
1.1 Transistors, CMOS technology and device scaling 
The invention of transistors at Bell Labs in 1947 and later the invention of integrated 
circuits (ICs) based on complementary metal-oxide-semiconductor (CMOS) field effect 





laid the foundation of today’s semiconductor industry [1-2]. On the other hand, the ever 
increasing demand for faster and more powerful computers has set forward the rule for 
doubling the device density following ‘Moore’s law’ [3]. This device scaling scheme has 
led billions of transistors to reside on a single chip today. A scaling factor of κ (> 1) has 
following scaling laws on the device parameters 
Table 1.1: scaling of silicon electronics 
Device parameters Scaling factor 
Electric field  1 
Device geometry (LCH, W, tOX) 1/κ 
Supply voltage (Vdd) 1/κ  
Channel doping level (Nd) κ  
Output current (Id) 1/κ 
Active are (A = LCH*W) 1/κ2 
Gate capacitance (Cg =εOX*A/ tOX)  1/κ  
Intrinsic delay (τ = Cg* Vdd/ Id) 
Operational frequency (f = 1/τ) 
1/κ  
κ  
Power-delay product (P*τ = Id*Vdd*τ)   1/κ3 
  
Although the scaling has enabled higher clock frequency and lower power-delay (energy 
efficient), the device size is shrinking down towards the physical limit of the 
conventional silicon channel material and silicon dioxide gate oxide thickness. As a result, 
various short channel effects become dominant at reduced channel lengths and gate 
leakage increases, producing large self-heating in the chip [4]. These constraints 





the device number densities, minimum feature sizes, active and leakage powers and the 
clock speeds in recent generations of microprocessors from leading semiconductor 
companies [5]. By 2020, both channel and oxide materials will reach few nanometers 
and few lattice constants respectively beyond which it is impractical to scale down the 
feature size further using conventional scaling. The sub threshold slope related to 
(ION/IOFF) ratio at a given VDD and (VDD-VTH) required for desired ON-current for a 
conventional 2D MOSFET at room temperature is 60mV/dec  
















Figure 1.2 The technology generation for Intel’s current and future microprocessors 
(source: Intel corporation) 
 
Figure 1.3 Processor power consumption increases exponentially with higher clock 
speed (source: Intel Corporation)  
Although high-K dielectric and metal gate (45nm and 32-nm node) in recent years have 
greatly reduced the gate leakage and 2012 announcement of tri-gate structure (for 





research efforts by both the leading chip industries and university research groups for 
post 10-14nm technology node in terms of device architecture (such as FINFET 
technology), exploration of alternate channel materials (such as III-V semiconductors, 
CNTs, layered semiconductors) and exploiting new devices with different physical 
phenomena (such as tunnel FETs, spin FETs) [6-13]. A potential technology should 
ensure not only scaling but also low power consumption. All these essential constraint 
have made future semiconductor technology very challenging.  
1.2 Alternate materials 
In parallel to transistors technology, the birth and development of nanoscience in late 
twentieth century with the advent of semiconductor quantum dots, ultra-pure thin-film 
heterostructures, two dimensional electron gas (2DEG) systems, single wall carbon 
nanotubes (SWCNTs), semiconducting nanowires, graphene, boron nitride, topological 
insulators, transition metal dichalcogenides (e.g., MoS2), etc. have brought together 
numerous physical phenomena and discoveries along with applications to not only 







Figure 1.4 (a) Particle size vs. the emission color of various CdSe quantum dots [14], (b) 
buckyball [15], (c) carbon nanotubes with different chirality [16], and (d) single layer 
graphene [17] 
1.3 Semiconductor NWs and NW geometry 
During past decade, nanowires (NWs) have emerged as a new class of materials with 
wide variety of applications such as nanoelectronic devices (logic, memory applications), 
optoelectronic devices, thermoelectric devices, spintronics devices, chemical and 
biological sensors. Because of the special characteristics of this form of nanomaterials, 
numerous new phenomena and functionalities have been realized in past decade that 






Figure 1.5 Bandgap-wavelength vs. lattice constant diagram for compound and 
elemental semiconductor materials at room temperature. The lines represent the 
corresponding alloying diagram [Source: http://www.veeco.com] 
NW transistors are potential candidates for post-scaling technology because of (i) 1D 
channel transport, (ii) excellent electrostatic gate control, (iii) no need to dope or scale 
the doping concentration at nanoscale – a typical NWFET works via Schottky barrier 
formation at the contacts, (iv) a NWFET can be operated in quantum capacitance limit 
(QCL).  (v) Also, by changing the NW diameter, the electrostatics can be greatly 
manipulated. Solving Poisson’s equation for channel potential (surface potential Φf) for 
one-to-one gate control of channel potential, potential at the channel-dielectric 





  Φ𝑓(𝑥) 𝛼 𝑒𝑥𝑝. (−𝑥λ)  
λ, called ‘screening length’, can be effectively used for NW device scaling rather than 
the physical length L. λ characterizes the Schottky barrier width in a NWFET and thus 
controls the transport in a NW device. λ depends on the device geometry such as dOX  
and tOX: 
  λ = �ε𝑁𝑊 𝜀𝑂𝑋 𝑑𝑁𝑊 𝑡𝑂𝑋      (Cylinder-on-plate model) 
   λ = �ε𝑁𝑊 𝑑𝑁𝑊2 ln �1 + 2𝑑𝑂𝑋𝑑𝑁𝑊� /8𝜀𝑂𝑋    (Gate-all-around model) 
1.4 III-V NWs and InSb NW channel material 
As a channel material, InSb NW provides a number of advantages such as (i) higher 
mobility at room temperature, (ii) one-dimensional (1D) quantization effects at modest 
diameter [19-21], (iii) low carrier effective mass, (iv) lowest (direct) band gap energy 
(which can be used for infra-red detection), (iv) high spin-orbit coupling. Therefore, InSb 
is a material of choice for several applications such as high-speed, low-power transistors, 
tunneling FETs, and infrared optoelectronics devices [22-23]. Nevertheless, in spite of all 
above benefits it is fair to keep in mind few disadvantages of InSb such as (i) low 
bandgap means low breakdown voltage and higher OFF-current (ii) low effective mass 
means low density of states (in 3D, DOS α meff3/2) and so lower carrier concentration 





bandgap material which often is associated with lower effective mass, produces a low 
(ION/IOFF) ratio making it less appropriate for logic applications. For a nanowire, the 





�(𝐸 − 𝐸𝑚,𝑛) =  𝐴 ∗ 1/�(𝐸 − 𝐸𝑚,𝑛) 
Where ν(E) is the number of contributing bands at a given energy, meff is the effective 
mass of the carrier and ‘ℎ’ is the plank constant divided by 2π. For a given energy, A = 
[ν√(8meff)/h] is a constant. Em,n represents the quantized energy in (m,n) sub-band. For 
NW with multiple sub-bands, the total DOS is given by  
𝐷𝑂𝑆𝑇𝑜𝑡𝑎𝑙(𝐸) =  �𝐷𝑂𝑆(𝑚,𝑛) (𝐸)
𝑚,𝑛  
In NWs with extremely small diameter, sub-bands could be well separated leading to 1D 
sub-band transport. For example, if the electron stays within first two sub-bands the 
DOS is given by  
𝐷𝑂𝑆𝑇𝑜𝑡𝑎𝑙(𝐸) =  𝐴 ∗ 1
��𝐸 − 𝐸𝑚,𝑛� ;𝐸11 < 𝐸𝑚𝑛 < 𝐸21 
The total number of carriers in conduction band is then given by  







Where, E11 and E21 are the first and second sub-band energies, f(E) is the Fermi-Dirac 
distribution function. Another key issue to be addressed for an alternate channel 
material in logic technology is finding the suitable high-k dielectric that makes minimal 
interface states near the conduction band edge. This step is quite important in several 
aspects such as minimizing the carrier scattering from the interface (and hence 
enhancing the mobility), reducing the chances of gate leakage and enhancing gate 
control of the channel potential.  
The first reported high-speed and low-power InSb FETs were InSb/In1−xAlxSb 
enhancement mode devices operating with an fmax of 89 GHz at Vds < 0.5 V [24]. Intel 
and QinetiQ have demonstrated InSb quantum well transistors with unity gain cutoff 
frequencies above 250 GHz [25]. Results on planar devices reflect the potentials for 
enabling high-performance devices. Thus investigation of InSb nanowire transistor 
research would even be more interesting.   
1.5 InSb NWs for mesoscopic physics studies 
Over last few years, various nanoscale-contacts to nanostructures have demonstrated 
many interesting physics at mesoscopic scale. For example, transport can be dominated 
by Coulomb effects due to presence of high-resistance barriers giving rise to single 
electron transistors, or by ballistic transport due to transparent electrodes and 
negligible scattering having maximum conductance per mode G0 = 2e2/h [or, more 
precisely, G0 = (2e2/h)*(T/R) where T and R are the transmission and reflection 





to understand the importance of electrode-nanostructure coupling in devices with 
superconducting electrodes and semiconducting channel. In particular, below the 
superconducting critical temperature TC of the electrode material having electrically 
transparent contacts (in other words, Schottky barriers at metal semiconductor 
interface with zero barrier height) is one of the key conditions for the attaining exciting 
physical phenomenon that has recently brought wide attention among condensed 
matter physicists as well as quantum computation community. This device geometry 
with appropriate parameters and electrically transparent electrodes is proposed to 
demonstrate elusive quasi-particle called ‘Majorana fermion’ – a long sought 
elementary particle which is claimed to be its own anti-particle [26]. While the goal of 
this work was not to demonstrate this whole complex experiment due to experimental 
limitations, but rather to study the ground work for pursuing this direction in future. As 
a result one of the goals of this thesis was to investigate how the electrodeposited InSb 
NW devices with superconducting leads behave at temperatures below the 
superconducting critical temperature of the electrode material (typically milli Kelvin 
temperatures). Could the unique phenomena of proximity effect (arises typically due to 
Andreev reflection in a metal-superconductor interface below the critical temperature) 
be observed in the electrodeposited InSb NW coupled with superconducting electrodes? 
1.6 NW arrays, photonic properties and photonic devices 
Similar to the electronic phenomena, materials in nanoscale (such as NWs and NW 





confinement of the electromagnetic quantum (the photon) with the NWs as well as the 
surrounding, the scattering of the photons from the large surface area of the NWs lead 
to unique properties. These properties can be exploited to develop NW based novel 
photonic devices such as NW photovoltaics, NW light emitting diodes, NW infrared 
detectors (single photon detectors for low power inter-chip communication, focal plane 
array chips for IR heat cameras), NW antireflecting coatings, and NW plasmonics and 
metamaterials. Following are some of the advantages of NW geometry over the bulk 
material form: (a) Phenomenon such as reflection; transmission along the interfaces 
separating two different media of different dielectric constant and refractive indices are 
governed by Snell’s law of classical optics. However, when the dimension of the medium 
becomes comparable to the photon wavelength (say, NW diameters of tens of 
nanometer to hundreds of nanometer) and there is a sharp index of refraction 
difference between the nanowires and surrounding medium then the light transmission 
and extraction becomes different - either it can get totally internally reflected (like a 
wave guide) and pass through the other end of the wire or reflected from the surface of 
the nanowires to the surrounding medium and gets absorbed minimally. The 
phenomena of reflection, transmission deviate from ray optics when the wavelength of 
light approaches/crosses a critical crossover value, beyond which quantum optics 
governs. These effects in nanowires/nanostructures can provide ideas to fabricate new 
kind of nanodevices like NW LEDs, NW solar cells, and NW photodetectors. (b) One of 
the challenges in bulk alloying and designing thin film heterostructures of different 





components/layers. This limitation is based on various facts such as lattice strain, and 
defect generation such as oxygen vacancies at the interface. Many of these difficulties 
can be overcome in case of nanowires because of the large surface to volume ratio. (c) 
In nanowires, radial NW heterostructure (core/shell structures) offers new opportunity 
for optoelectronics and photovoltaics. In this case, the n- and p-type active materials 
can be incorporated as core and shell and will have carrier injection or collection over a 
much larger area. In case of a thin film solar cell, an e-h pair generated deep within the 
material has to travel all the way to the junction without recombining. However, the 
direction of the light absorption and the direction of carrier separation and collection 
can be decoupled in a nanowire based radial junction solar cell. So even if the minority 
carrier diffusion length is shorter than the absorption depth in a NW or NW array, by 
appropriate choice of length and diameter of the wires a superior device can be 
fabricated. (d) Silicon, which is an indirect bandgap material and has bandgap 
corresponding to 1.1µm detection edge, has been traditionally used as a photodetector. 
However, NW arrays recently have been demonstrated as visible and IR (1.55µm) 
photodetectors with superior sensitivity [27]. The band to band transition as well as the 
transition from band to surface states in these NWs are believed to be responsible for 






Figure 1.6 Physical mechanism underlying IR detection in silicon nanowire arrays 
[borrowed from reference 27] 
1.7 Proposal of branched InSbNW arrays 
III-V semiconductors such as InSb, InGaAs and group IV element Ge are traditionally IR 
detectors owing to their low bandgap and hence long detection limit. InSb with its 
lowest bulk bandgap is an ideal material for middle-wave infrared detection (MWIR) up 
to 7.3µm detection wavelength. Recently, single InSb nanowire was proposed as a room 
temperature IR detector with high quantum efficiency and low dark current by Chen et 
al [28]. A 20-35nm diameter InSb NW in a planar device configuration with Au and Cu 
electrodes at the two ends forms a Schottky photodiode that separates the 
photogenerated e-h pairs and generates the photocurrent. However, this device has 
several drawbacks such as i) in a single nanowire detector the signal to noise ratio may 
be very small which will hinder the application for a large scale device and ii) the photon 
absorption length on a planar device will not be sufficient, so such a device will be less 
sensitive. We have proposed a NW array with a unique absorption of photons in a 





diameter side has wires of ~20nm average diameter and larger diameter side has wires 







Figure 1.7 Schematic diagram of our proposed InSb NW array for IR detector, blue 
color represents the branched nanowire array and the grey color represents the host 
matrix in which they are standing 
Our NW array, which consists of a hierarchical structure exploiting branched nanowires 
of varying diameters, shows low broadband reflectance, near unity absorption in visible 
spectrum and wavelength dependent absorption in NIR. The physics is explained in 
chapter 4 and on the basis of this a wavelength selective detection scheme is proposed. 
The detailed design, the physical phenomena with optical reflectance, transmittance 
and absorption data will be presented and analyzed in chapter 4. 
1.8 Transparent conductors 
Although Indium Tin Oxide (ITO) is extensively used as transparent conducting electrodes 
(TCEs) in most optoelectronic devices operating in visible spectrum, because of 
 
    
  




    
  




                
    
  




    
  









limitations such as brittle nature, cost associated with scarcity of indium, strong 
absorption in infrared regime and its inflexible nature, there is a need to replace it with 
another potential candidate [29-32]. Typically, these are characterized by a figure of 
merit consisting of electrical sheet resistance and optical transmittance ratio at 90% 
optical transparency at 550nm wavelength, i. e., (T/RSheet).  Although metals are always 
chosen for superior electrical contacts, because of the fact that they transmit significant 
light at very small thickness might raise the question why they are not used as TCEs. A 
metal with 10-20 A0 thick that has significant optical transparency will become 
discontinuous giving much higher electrical sheet resistance. With the advent of 
nanoscale materials, recently, there is a surge in the effort to develop nanoscale TCE that 
may overcome above mentioned limitations of ITO as well as provide additional 
functionalities for future transparent flexible technologies. Metallic NW networks (such 
as silver NWs, gold NWs, copper NWs etc.) and metallic carbon nanotube (NT) networks 
are among the best choices of these TCEs [33-36].  Although these NW/NT networks 
show impressive properties, they are not yet superior to ITO and particularly silver NW 
network. Currently AgNW network is most widely investigated but has stability issues 
under prolonged exposure to air. It is harder to bring down the sheet resistance in these 
structures to ITO limit because of the inherent NW/NW or NT/NT contact resistances. 
The presence of millions of these contacts in a typical 1cmx1cm area makes it harder to 
beat ITO sheet resistance at 90% optical transparency at 550 nm wavelength of 
illumination. On the other hand, the discovery of graphene – the thinnest 2D 





layer) and typically few kilo-ohm sheet resistances in CVD graphene has opened up 
possibilities of developing 2D atomic layer TCEs at room temperatures [37,38]. Compared 
to the typical sheet resistance of ~ 250 ohms/sq of an exfoliated SLG, the CVD graphene 
tends to be always more resistive [39, 38]. Although researchers have brought sheet 
resistance down significantly to few tens of ohms/sq, however, bringing single layer CVD 
graphene’s sheet resistance down to 50 ohm/sq has become tough, primarily because of 
scattering events faced by the electrons at numerous grain boundaries in typical CVD 
graphene [38,40].  
In this work, we have combined two nanoscale systems – a percolation network 
consisting of 1D silver nanowires and a 2D network (graphene) consisting of randomly 
oriented high resistive grain boundaries – and have demonstrated the unique 
characteristics of the composite 1D/2D system to overcome each other’s transparency-
conductivity bottleneck and beat the ITO limit. We have developed a theory to 
understand and explain the mechanism of current conduction in this composite system 
based on two percolating networks and name it ‘co-percolating network’. We also 
conclude that this theory and phenomena is not only valid for silver nanowire and CVD 
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CHAPTER 2. POROUS ANODIC ALUMINA FABRICATION AND INDIUM ANTIMONY 




Porous anodic alumina is widely used as a template for growing nanostructured 
materials for electronic, optical, magnetic, superconducting, and biological applications. 
It is also used for pattern transfer; etch mask, microfluidic applications, and filtration. In 
the first part of this chapter, the porous anodic alumina (PAA) growth process with 
various critical parameters is presented. A process is described in which PAA template is 
fabricated on a substrate. Silicon substrate is chosen for convenience. For hexagonal 
long range PAA formation, it is important to understand the various key factors on 
which it is dependent. The first part overviews the principles of PAA hexagonal structure 
formation from a pure aluminum metal layer. In the second part, an electrodeposition 
method is described to grow InSb NWs using PAA as NW growth template.  
Part of the contents of chapter 2 has been taken from a current manuscript written by 
the author that is being considered for a future publication. Part of the work presented 
here has been published by the author in Proceedings of 18th University Government 





2.1 PAA and its growth process 
PAA or Anodic Alumina Oxide (AAO) formation is one of the self-assembly techniques 
that is known for past several decades and has been recently used as a bottom up 
nanofabrication technique, an alternative approach to high cost, top down approaches 
such as e-beam lithography techniques. PAA consists of a long range ordered 
hexagonally arranged honeycomb structure with central pores surrounded by Al2O3 
layers (called ‘cells’) [1-5]. A typical cell surrounds the sidewalls of a pore and forms the 
hemispherical pore bottom (called a ‘barrier layer’). As shown schematically in fig. 2.1, 
the one-sided open pores grow perpendicular to the surface with the barrier layers at 
pore bottom. The cell consists of two parts; an amorphous outer oxide layer with a thin, 
crystalline inner oxide layer. The porosity of a PAA film is defined as the fractional 2-
dimensional surface area occupied by the pores and is given by P = (πd2/4s2), where d is 
the pore diameter and s denotes the inter-pore distance. The pore-density is defined as 







Figure 2.1 Schematic diagram of a PAA structure 
While the first theory on pore formation was given by Sullivan and Wood (1970) [the 
mechanism was believed to be an electric field enhanced dissolution of the oxide] [1], 
the ordering of the pores and controlling the self-assembly was first investigated by 
Masuda et al [2]. Though the mechanism of formation is still unknown, a potential 
mechanism was proposed by Thompson et al [3].  
2.1.1 Oxidation of aluminum metal 
 Pure Aluminum metal when exposed to atmosphere at room temperature forms 
a very thin native oxide (few angstroms thick). This natural Al2O3 layer prevents further 
oxidation. However, a thicker oxide can be formed using ‘anodic oxidation’ of aluminum 
in a two-electrode electrochemical cell. Typically, aluminum metal is used as anode; a 





phosphoric acid) is used as an electrolyte. An anodic oxidation of aluminum forms two 
types of oxide layers over its surface when subjected to an electric field in the 
electrolytic medium. If the electrolyte is alkaline, then whatever aluminum 
electrochemically reacts produces a ‘barrier type oxide’. On the other hand, if the 
electrolyte is slightly acidic then two competing phenomena, oxidation of aluminum and 
dissolution of aluminum into the electrolyte, occur at the solution-metal interface. This 
process ultimately forms a “porous type oxide” (i.e., PAA). While a barrier type 
aluminum oxide can be maximum ~ 1µm thick, PAA can be hundreds of micron thick. 
2.1.2 Chemical reactions during PAA formation 
Depending on the key experimental parameters such as electrolyte type and its molarity 
or concentration, pH, the applied voltage to the electrodes, and the temperature of the 
electrolyte, tunable pore size (typically from few nm to 200 nm in diameter), 
corresponding cell size (typically twice the pore diameter) and the inter-pore spacing (10 
– 500 nm) can be fabricated. If the starting Al is an aluminum foil or aluminum plate, 
then it should be a very pure aluminum and the surface should be very smooth. Usually 
a very polished aluminum surface is obtained by following an electro-polishing 
procedure. The anodization set-up consists of an anodizing cell with electrolyte kept in a 
temperature bath at constant temperature. The temperature is maintained with the 
help of a chiller which continuously flows a fluid (mixture of ethylene glycol and DI 
water in 1:1 volume ratio) to the bath. The bath and the electrochemical cell are kept 





high precision ammeter. The three acids mentioned earlier (with appropriate 
concentrations and at appropriate temperatures) are used for different ranges of pore 
diameters on aluminum foil/layer. For a given electrolyte the pore diameter, cell size 
and the pitch can be changed within a range by controlling the anodization voltage. For 
example, for 0.3M sulfuric acid is used to fabricate pore diameters in the range of 10 – 
30nm, while 0.3M oxalic acid is used for pore diameters in the range of 30 – 80nm and 
0.3M phosphoric acid is used for pores with pore diameters larger than 80nm [5]. 
During the anodization reactions of aluminum there are always two interfaces which 
undergo chemical processes; metal – oxide and oxide – solution interfaces. Two 
dynamical processes happen side by side; pore-formation as well as the self-organizing 
of the pores to form hexagonal highly ordered arrays via following mechanism [3, 6]. 
The oxidation at anode (aluminum) occurs as follows; (a) at the metal-oxide interface 
aluminum dissolute to form aluminum ions (and electrons), ions distribute in the oxide 
layer near the metal/oxide interface. This goes via the reaction Al (s)  Al3+ (l) + 3e- [Al 
dissolution]. (b) Near electrolyte/oxide interface, first water molecule splits (water 
electrolysis) according to H2O  O2- + 2H+ and then generated electric field drives the 
O2- ions to penetrate the barrier layer (from electrolyte/oxide interface to oxide/metal 
interface) and finally forms Al2O3 with Al3+ via the reaction Al3+ + 3/2 O2-  Al2O3. 
Combining the two reactions, the aluminum oxidation happens via Al (s) + 3/2 H2O (l)  
Al2O3 (s) + 3H+ (l) + 3e- [Al oxidation]. (c) Electric-field-enhanced oxide dissolution at 





reduction at cathode (Pt mesh) proceeds via following reaction; 3H+ (l) + 3e-  3/2 H2 (g) 
[Hydrogen evolution] 
2.1.3 Oxidation kinetics and (ion) transport theories in PAA 
Depending on the electrolyte type and pH, the current density and the field strength 
across the PAA layer varies. The typical field strength is in the range ~ 106 – 107 V/cm. 
The ionic current is related to the electric field by Guntherschultze-Betz (GB) equation 
[7]: i = α exp(βE), where α and β are temperature and concentration dependent 
constants. All the early theoretical models for rate determining steps for oxide 
formation in anodic oxidation of metals, including the famous point-defect model [by 
McDonald and coworkers [8]] is supported by GB equation. Macdonald and coworker’s 
point defect model considers both oxidation and dissolution processes taking into 
account the transport of metal cations and oxygen anions. Since the PAA growth 
involves multiple ion transport along various interfaces and bulk oxide region, it is prone 
to defect formation (e.g. vacancies, interstitials inside the oxide and at the oxide/metal 
interface) and stress in the PAA that greatly affect the structure and quality of PAA. 
Therefore in PAA experiments, the cleanliness of the experimental design, purity of the 
starting elements and sensitivities of experimental parameters should be monitored 
closely.  
2.1.4 Self-organization of pores to form long range hexagonal pattern 
While the pore formation and growth of PAA is unique to aluminum anodization, the 
self-organization and long range hexagonal ordering of the pores constitute uniqueness 





repulsive forces between the neighboring pores at the metal/oxide interface [3, 6]. As 
anodization starts, random sites on aluminum surface initiate the pore formation; 
however, due to the presence of repulsive forces at the interface the structure becomes 
self-organize and long range after long time anodization. The arrangement of pores is 
very dependent on the surface roughness of aluminum prior to anodization. Typically a 
two-step anodization process yields a better uniformity of pores than a single step 
anodization. In a two-step process, the aluminum oxide film formed after the first 
anodization (for aluminum foil, this step should be done for several hours) is etched 
using chromic acid or phosphoric acid. The etching leaves the pre-patterned depressions 
on the remaining aluminum surface. Then upon anodizing again (i.e., the second step), a 
uniform self-organized pattern of pores is formed. Therefore, it is advisable to have a 
multiple anodization process for a highly regular structure. Masuda and Satoh first 
proposed second anodization process [9]. For very ordered structures several surface 
pre-patterning techniques have been utilized, including electron beam lithography, 
nano-imprint lithography, and interference lithography.  
2.1.5 Current (and Potential) transient 
The anodization of aluminum is usually monitored via a current (or potential) transient 
where a constant potential (or current density) is applied to the electrodes and the 
anodization current/current density (potential) is recorded with time. In our case, we 
always monitor the transient current-time data to study the anodization.  Later in this 
chapter, the interpretation of this data will be discussed in the context of guiding 





2.1.6 Electrochemical parameters 
The electrochemical parameters such as the applied voltage, pH, type of acid with 
molarity and the electrolyte temperature are the key parameters that decide the rate of 
oxidation and dissolution of aluminum in the anodization process and quality of the PAA 
template formed.   
(a) Effect of applied voltage (Anodization voltage) 
O’Sullivan and Wood first showed linear increase in barrier layer thickness, pore 
diameter and inter-pore spacing with the applied voltage as 1.04nm/V, 1.29nm/V, and 
2.77nm/V respectively for 0.4M Phosphoric acid and at temperature 250C [1]. For 
change in these parameters and for a different substrate material (compared to 
aluminum) of different conductivity the above stated proportionalities would be 
different. However, these features are not solely dependent on applied voltage as it 
causes porosity alteration and increase in anionic impurities in the structure.  
The following table summarizes reported pore sizes and pitch with different electrolytes 
at 0.3M concentration and at 1.50C temperatures. 
Table 2.1 The pore diameter and pitch for three different types of electrolytes at 1.50C 
 
Electrolyte Applied voltage (V) Pore diameter (nm) Inter-pore distance 
(nm) 
Sulfuric acid (H2SO4) 18 – 27 25 - 35 50 - 75 
Oxalic acid (H2C2O4) 30 - 80 40 – 100 80 - 200 







(b) Effect of pH 
Keeping the anodization voltage and temperature constant, increasing the pH increases 
pore cell size, pore radius and inter-pore spacing. This is because of the fact, with 
increasing pH the electrolyte becomes less reactive causing an increase in barrier layer 
thickness. A mechanism of pH on pore growth is given by Parkhutik et al. [10] 
(c)Effect of temperature and concentrations of the electrolyte on PAA formation 
Keeping voltage and pH constant, with increasing temperature, the electrolyte becomes 
more reactive (like decreasing pH) and increases in the ratio of inner to outer barrier in 
the oxide (probably by experiencing an effect similar to annealing). Also with higher 
temperature, the domain size/crystallinity of PAA increases giving rise to a long range 
ordering in the structure.  
2.2 Fabrication of PAA on silicon wafer 
While a PAA template from an aluminum foil can be from tens to hundreds of micron 
thick, a PAA membrane with smaller thickness (typically within 1-2 micron length) is 
often necessary. For example, a thin PAA is useful for metal island array or 
semiconducting NWs growth with smaller lengths. Semiconducting nanowire transistors 
(NWT) in Gate-All-Around (GAA) architecture are the ultimate 1D scaled device; 
however, there are several key challenges to fabricate this structure. The traditional VLS 
techniques of nanowires growth from randomly dispersed seed particles on a silicon 
wafer will produce random nanostructures and complicate the fabrications. However, 
because of the nature of the PAA formation and tuning of several parameters such as 





subsequent fabrication of the vertical nanowire FETs. In this project, various attempts 
were made to grow thin PAA structure (~ 500nm – 2µm pore height) with various pore 
diameters on a silicon substrate and growth InSb nanowires inside the nano-channels of 
these PAA structures. Unlike the case of epilayer growth, because of the nanowire 
geometry the integration of InSb NWs on a silicon chip is feasible.  
PAA template is fabricated by anodizing a 1.5 μm layer of Al deposited over a 100 nm 
layer of titanium (Ti) on a Si wafer. Ti and Al layers were deposited on a thermally 
oxidized silicon substrate using an electron-beam evaporator with a base pressure of 0.5 
to 1×10-6 torr. In addition to acting as an adhesion layer, the Ti layer serves as the back 
electrode for anodization and electrodeposition. The Ti/Al stack was then rinsed with 
acetone, methanol and DI water in order to remove any residual organic impurities from 
the surface of the samples. Since H2SO4 solutions are known to yield the smallest pore 
diameters, the deposited Al layer was anodized in a 0.3M H2SO4 (sulfuric acid) solution 
at an anodization voltage of 20V [5, 11] and a constant temperature of 4ºC.  In order to 
improve the ordering of the nano pores in the PAA template, a two-step anodization 
process has been used. After anodizing a portion of the Al layer during the first step of 
anodization, the PAA membrane was stripped off by using a mixture of diluted chromic 
(at 65-700C) and phosphoric acids. This causes the formation of fairly regular dimples on 
the resurfaced Al layer left behind by the hemispherical pore bottoms of the first step of 
anodization. These depressions then serve as the initiation sites for the second 





the Ti layer. This step is confirmed from the negligible anodization current combined 
with a cross sectional FESEM imaging experiment. 
2.2.1 Penetration of the Oxide Barrier Layer 
One of the greatest challenges in fabricating PAA template on silicon wafer is the 
presence of hemispherical barrier layer, which can hinder the electrical contact to the 
titanium layer at the bottom of the pores. The breakthrough of the barrier layer is 
absolutely crucial for the electrodeposition process. The opening in the barrier layer 
exposes the underlying Ti layer that serves as one of the electrodes during the 
electrodeposition process. There are various methods that have been used to break 
through the barrier oxide layer including chemical or plasma etching processes, but 
these processes introduce a pore widening effect that can negatively impact the aspect 
ratios of the wires [5, 11]. In this study, the pore bottoms have been penetrated using a 
reverse bias anodization technique, which has been performed in situ without any 
noticeable expansion in the pore diameters [12, 13]. This process is initiated 
immediately after the anodization process by applying a reverse bias voltage of - 3.5V to 
the PAA template in the same electrolytic set-up and environment. The process causes 
the evolution of hydrogen bubbles from the surface of the PAA template once the 
hydrogen ion penetrates the pore bottom oxide layer and reduces on the exposed Ti 
layer (cathode). The reverse bias anodization procedure was applied for five minutes. 
Although on penetration of the barrier oxide layer, the 0.3M H2SO4 electrolyte is dilute 
enough to not oxidize the underlying Ti layer; care was taken not to permit the 





lift-off the PAA template from the silicon substrate due to the added tensile pressure of 
H2 gas (at the PAA/Ti interface) on top of the pre-existing stress the sample experiences 
from the volume expansion during the anodization. 
2.2.2 Pore formation, growth mechanism, and I vs. t graph 
The following figure shows the schematic diagram of few cells within a larger array of 
PAA depicting the oxide dissolution at the oxide/electrolyte interface, oxide formation 
at the metal/oxide interface and the direction of the electric field while forming the long 
range ordering on silicon wafer.  
 
Figure 2.2 The schematic cross sectional view of a fabricated PAA on silicon 
substrate [Note the presence of a barrier layer at the pore bottom that must be 
punched through in order to grow the nanowires] 
Following figure shows a section of a three dimensional representation of a PAA 


















Figure 2.3 The 3D schematic diagram of the small section of a PAA structure on 
silicon wafer 
Typically a two-step anodization process involving an anodization of a portion of the Al 
layer first, then the stripping off of the PAA membrane by using a mixture of diluted 
chromic (at 65-700C) and phosphoric acids and finally anodizing second time is followed. 
Upon anodization of pure aluminum layer with a constant anodization voltage, the 
anodization current decreases rapidly for a short period of time (before 1 minute in FIG 
2.4 and 2.5) due to a sharp increase in the barrier layer thickness. After a critical time 
(which is believed to be associated with pore formation; around 0.5 minute to 1 minute 
in the graph), the current increases and reaches steady values at long times (beyond 2.5 
minutes). The increase in current after the pore formation is due to the increase in the 
active surface area formed by the pores. FIG 2.4 below shows the current vs. time data 
obtained during the formation of the PAA template for the first and second step 










used. An anodizing voltage of 20V is used. The first anodization process, which provides 
the depressions which serve as a template for second anodization, results in a lower 
oxide resistance during the second anodization process and thereby a slight increase in 
the current flow was observed [6]. At the final stages of anodization, the current drops 
dramatically signaling the consumption of the entire Al layer to form the PAA membrane 
as shown in FIG 2.5 The fabricated PAA templates display pore density in the order of 
~1010 pores/cm2, with the average diameter of around 20 nm and aspect ratio of greater 
than 100.  
  








Figure 2.5 Anodization current vs. time for the second step anodization of aluminum. 
Insets show various stages of PAA formation 
The FESEM image of the cross-section of the PAA template displayed parallel porous 









Figure 2.6 FESEM image showing the average pore diameter and the hemispherical pore 
bottom 
The lower two figures show the successive magnified images of pore bottoms at the 
Al2O3 and aluminum interface of the upper image. FIG 2.7 below shows the penetration 
of the oxide barrier layers at the pore bottoms by a reverse anodization immediately 
after the formation of PAA. This process leads to the concentration of the H+ ions (from 
the electrolyte) at the pore bottoms where the electric field is most concentrated. 
During the reverse anodization process the H+ ions dissolve the oxide barrier layer and 
are subsequently reduced on the underlying Ti layer (cathode) [13]. The entire reaction 





Al2O3 + 6H+ → 2Al3+ + 3 H2O (during the dissolution of the oxide layer) 
2H+ + 2 e- → H2 (once the penetration is completed) 
 
Figure 2.7 FESEM image showing the barrier layer penetration of the pore bottoms 
The completion of the pore openings is observed by the evolution of hydrogen gas and 
at this point the reverse anodization criteria are stopped. The following surface view 
FESEM images were taken after the pores were treated with phosphoric acid for pore 
widening. A fairly uniform and self-assembled hexagonal pattern was obtained after two 
step anodization and pore widening process. However, one step further anodization 







Figure 2.8 Surface view of FESEM image (after pore widening in phosphoric acid) 
showing the average pore density after anodization  
2.3 Vertical InSb NW growth on silicon substrate 
This section focuses on the electrodeposition method (DC electrodeposition) of InSb 
nanowire (NW) growth from aqueous solution using PAA/Si as the growth substrate. The 
motivation of this method of semiconducting NW growth over the well-known Vapor-
Liquid-Solid (VLS) mechanism using a vapor deposition method is explained in the 
following sections. 
Motivation: Since the discovery of whiskers by Wagner and Ellis, several different 
approaches to NW growth have been proposed in the literature [14-16]. Nanowire 
growth using chemical vapor deposition typically employs the vapor-liquid-solid (VLS) 
mechanism, with NW diameter controlled by catalyst particle size and growth conditions 





particle to the side walls of NW [17-18]. An electrodeposition method would be free of 
any catalyst particle. Other advantages such as achieving sharp hetero-interfaces (for an 
axial and/or co-axial NW geometry), and dealing with elements with low and high vapor 
pressures (e.g., in NWs with two or more elements such as In and Sb in InSb NW) make 
the solution-phase electrodeposition growth an attractive approach [19-23].  For some 
material systems, electrodeposition can be performed at or near room temperature [24-
26]. Reasonable room temperature device performance has been demonstrated in 
transistors employing InSb electrodeposited nanowires. [27]. 
From a material prospective, InSb is a promising candidate for high speed and low 
power nanoelectronic devices due to its low electron effective mass (that is related to 
its low bandgap energy of 0.17eV) and high carrier mobility (78,000 cm2/V s) at room 
temperature. Nanowires of this material are of interest for nanoelectronic, 
nanophotonic, and thermoelectric device applications [28-30]. Due to the large spin-
orbit coupling, InSb has been proposed for certain fundamental studies, including a 
prediction that Majorana fermions could be observed at the junction of InSb nanowire 
with a superconductor [31-33]. The use of nanowires, rather than bulk materials, can 
mitigate lattice mismatch problems found in InSb epilayer growth [34]. Single NWs have 
demonstrated terahertz detection [29, 35].  
Electrodeposition: A typical electrodeposition process involves a three electrode 
electrochemical cell connected externally to a potentiostat. The electrodes are dipped 
into the solution and the cell is air tightened to avoid the evaporation of the electrolyte 





potentiostat program for the deposition; in our case a direct electrodeposition method 
was used. Although convection of charged ions takes place into the bulk of the 
electrolyte upon an application of an external electric field to the electrolytic solution 
via the electrodes, the most important electrode processes that lead to the deposition 
are the formation of the double layer near to the surface of the electrodes and the 
subsequent diffusion layer formation into the bulk of the electrolyte. Modeling of 
electrochemical processes of both indium and antimony ions in a PAA structure to form 
InSb NWs should be similar to other elemental ion transport explored earlier [36, 37]. 
Before conducting the NW growth experiment, typically a cyclic voltammetry 
experiment (current vs. potential) is done to identify the reduction potential of the ionic 
species (in this case the reduction potential of In and Sb ions) 
Experimental: Silicon/PAA substrate with average pore diameters of 25nm and 40nm 
were cleaned thoroughly, dried and used as working electrode for the cyclic 
voltammetry experiment and the electrochemical deposition process.  A three-electrode 
electrochemical cell with a Pt-mesh counter electrode, and an Ag/AgCl (saturated 3M 
NaCl) reference electrode (0.175V vs. Normal Hydrogen Electrode (NHE)) was employed. 
All potentials are reported with reference to this electrode. The electrolyte consisted of 
an aqueous solution containing 0.15M InCl3 (indium chloride), 0.1M SbCl3 (antimony 
chloride) along with complexion agents 0.36M citric acid and 0.17M potassium citrate, 
at pH 1.8 [24]. The presence of potassium citrate in the electrolyte shifts the reduction 
potential of both In3+ and Sb3+ ions to a common deposition potential that facilitates 





the electrochemical studies of the ionic species. NWs were studied in two states: i) as-
deposited and ii) following an in-situ, 2-step anneals (1250C for 6hrs and 4200C for 4hrs) 
in argon with a flow rate of 30sccm [24]. The schematic diagram of the electrochemical 
cell and potentiostat circuit arrangements for the electrodeposition of NW arrays is 
shown in Fig. 2.9 (a).  
  
Figure 2.9 (a) Schematic diagram of the potentiostat and electrodeposition set-up used 
for the InSb NW growth 
The presence of the potassium citrate in the electrolyte shifts the reduction potential of 
both In3+ and Sb3+ ions to a common deposition potential that facilitates InSb co-





at equilibrium and hence the electrode reaction at equilibrium by scanning the 
electrode potential and observing the redox peaks. For cyclic voltammetry, two terminal 
cell is used (no reference electrode is needed). The cyclic voltammetry results are shown 
in Fig. 2.9 (b). The electrode reactions and hence the standard electrode potentials for 
In deposition are as follows [38]: 
In3+ + 2e-  In+             (E0/V = -0.4, NHE) 
In+ + e-  In                  (E0/V = -0.23, NHE)  
Overall, In3+ + 3e-  In   (E0/V = -0.63 NHE or -0.455 Ag/AgCl (sat. NaCl)) 
And, the electrode reactions and hence the standard electrode potentials for Sb 
deposition are as follows: 
SbO+ + 2H+ +3e-  Sb + H2O      (E0/V = +0.21 NHE or +0.385 Ag/AgCl (sat. NaCl)) 
However, this large difference (~ 0.84V) in the reduction potential of In and Sb can be 
brought down to 100 mV or less by potassium citrate complexion agent and the 
deposition of InSb can be performed at a potential slightly above that of the In electrode 
potential. This is because the complexion agent (in this case, the acetate ion) binds to 
Sb-ions resulting in a change in the electrochemical activity of Sb-ion and hence its 
deposition potential to a much lower value. During cyclic voltammetry, as the electrode 
potential is swept towards negative values, cathodic current is zero up to -0.4V, 
indicating no reaction taking place. At around -0.63V, the current starts rising from zero 
(a sweep rate of 5mV/sec was used). At this point both In and Sb ions from the 





However, to avoid Sb phase and for a stoichiometric phase pure InSb deposition, the 
electrode potential should be reduced further (i.e., more negative). 
 
Figure 2.9 (b) Cyclic voltammetry (I vs.V characteristics) of the In3+ and Sb3+ deposition in 
the nanochannels of PAA template at a scan rate of 5mV/sec 
The implication of such a large negative electrode potential (-0.9V) on the stoichiometry 
in InSb thin films was discussed by Ortega et al. [25]. In order to achieve correct 
stoichiometry, a more negative electrode potential is needed. As shown in Figure 2.9 
(b), upon sweeping the voltage from 0V to -2.0V, a reduction peak was obtained at 
around -1.5V potential, indicating both In and Sb co-deposition (the increase of cathodic 
current beyond -1.5V is an indication of hydrogen evolution). Note that the electrolyte is 
an aqueous solution containing indium chloride, antimony chloride mixed in citric acid 





growth at -0.9V and over potentials (up to -1.5V) were optimized and a potential of -
1.4V to -1.5V was found to produce stoichiometric phase pure InSb NWs. The energy 
diagram of In and Sb deposition as well as the InSb deposition on the working electrode 
is schematically shown in Figure 2.9 (c) below 
 
Figure 2.9 (c) Schematic representation of reduction of In and Sb ions and InSb 
deposition on gold working electrode in an electrochemical cell 
Deposition of InSb branched nanowires: A direct electrodeposition technique was used 
potentiostatically at a reduction potential of -1.5V (vs. Ag/AgCl (sat. NaCl) reference 
electrode) for InSb NW deposition. The electrodeposition time and hence the average 
length of the grown nanowires was controlled by monitoring the deposition current (I) 
vs. deposition time (t) data for a given deposition potential. The overall cathodic 





SbO+ + In3+ + 2H+ + 6e-  InSb + H2O 
with an associated free energy change (or energy of formation of InSb). In a simplest 
electrodeposition process, energetically some of the free energy of In and Sb ions would be lost 
in overcoming the double layer energy in the solution (near to the electrode surface) to reach 
the electrode surface and then subsequently to migrate along the electrode surface to nucleate 
and crystallize at favorable nucleation centers. For InSb film formation typically ∆G is ~ -
25.5kJ mol-1 [39]. The average length of the NWs in the array was controlled by 
monitoring the integrated current during the growth time. If NM represent the number 
of moles of material, z the atomic number, and NA the Avogadro’s number, then the 
total charge QTotal is given by  QTotal =(zNANM) and QTotal and the deposition current, I, are 
related via QTotal = ∫I dt. Therefore, theoretically knowing the overall pore volume in the 
PAA template used and the density of InSb, for a given QTotal and fill factor of PAA 
template (the percentage of the pores filled by InSb) the average wire length grown can 
be calculated. Experimentally, the wire lengths were measured using FESEM imaging. 
Nevertheless, fundamentally, the rate of deposition (number of moles of ions deposited 
per second per unit area of electrode) and hence growth rate depends on two things 
namely (i) the concentration of ions in the solution and (ii) the electrochemical 
activation energy function ƒ(E) or ∆Ge according to the following rate equation [40]: 
  ν = κ [MZ+] = (kBT/h) (-∆Ge/RT) [MZ+] 





Where the ƒ(E) is a complex function of electrode potential E (vs. M/MZ+). At room 
temperature, the electrode potential E (vs. M/MZ+) is related to the relative standard 
electrode potential E0 by following 
  E = E0 + 2.303 (RT/zF) log [MZ+] = E0 + (0.0592/z) log [MZ+] 
Where, z is the valency of metal atom M and F the Faraday constant. Figure 2.10 shows 
the direct electrodeposition of InSb BNWs deposited at various deposition potentials 
(vs. Ag/AgCl (sat. NaCl) reference electrode) inside the nano-channels of PAA template 
at room temperature, pH value of 1.8  
 
Figure 2.10 Growth of InSb NWs on silicon/PAA substrate at room temperature at 
various over potentials 
The electrodeposition time and hence the average length of the BNWs was controlled 
by monitoring the deposition current (I) vs. deposition time (t) for a particular 





mechanism of growth evolves through four stages during the deposition process (three 
stages marked by I, II, III are shown, the fourth one being a saturation of deposition 
current after attaining stage III – not shown here). At the beginning, a large current 
corresponds to the charge associated with electrical double layer. In region I, the ions 
must diffuse through the diffusion layer to the bottom of the narrow pore for the 
initiation of the growth process following Fick’s first law (decrease in current). This 
resistance results in a decrease of the current. Region II is characterized by the 
deposition of the ions into the pore bottom but since the number of ions is still 
relatively small, the overall current remains almost flat and small but constant. Region III 
signifies the regime with linear increase in current with the deposition time where the 
pores get filled rapidly until they get filled completely. At this point, the onset of the 
saturation of current vs. time curve was seen along with visible ‘hemispherical shape’ 
like capping on the nanowires heads. At the beginning of the region IV (which is not 
shown here), the caps grew gradually and finally coalesced to form the film where 
complete saturation of the deposition current was observed. The current density is 
quantitatively followed by the modeling of diffusion controlled electrodeposition of 
metallic nanowires in high density PAA channels [36, 37]. It can be observed that with 
increasing the over potential, the current density increases and the time taken to fill the 
pores decreases (squeezing of flat region i.e. region II). Also, a different trend can be 
shown in the current transient as a function of over potential in region II – a flat current 
for -1.2V to a very slight decrease for -1.4V and a slight increase for -1.5V. On further 





have consequences on NW growth rate as well as the composition, phase and 
morphology.    
The following FESEM image show a representative InSb NW growth on silicon/PAA 
substrate grown at -1.5V potential. 
 
Figure 2.11 FESEM image of InSb NWs of 40nm-50nm diameters and ~1µm length grown 
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CHAPTER 3.  InSb NANOWIRE FIELD EFFECT TRANSISTORS (NWFETs) & HYBRID 




First part of this chapter describes the fabrication, characterization and the transport 
properties of InSb NWFETs those are grown using electrodeposition method. The wires 
choosen for device fabrication were typically 80-90nm in diameters. Single InSb NW 
with zinc blende crystalline structure (revealed from HRTEM) with 500 nm channel 
length and a 20nm SiO2 gate dielectrics layer on a heavily doped Si wafer were used in 
the FET. Following annealing of the NW-FETs at 3000C for 10 minutes in argon ambient, 
transistor characteristics were observed with an ON current of 40 µA (at VDS = 1V in a 
back-gated configuration), ON/OFF ratio of 16 - 20 in the linear regime of transistor 
operation and gd ~ 71µS. The field effect electron mobility extracted from the 
transconductance was ~1200 cm2 V-1 s-1 at room temperature. High ON-current per NW 
compared with other reported NW-FETs with back-gate geometry and current 
saturation at low source-drain voltages was obtained. This particularly is important for 
low power applications. Based on the device parameters, the transport mechanism is 
analyzed.   
In the second part of this chapter hybrid InSb NW devices with superconducting 





demonstrated and the low temperature transport study of very thin (sub-10nm in 
diameters) InSb NW device are made. 
Part of the work presented in chapter 3 has been published by the author in Applied 
Physics Letters: “Room temperature device performance of electrodeposited InSb 
nanowire field effect transistors”, Appl. Phys. Lett. 98, 243504 (2011) 
3.1 Motivation of InSb NW-FET work 
III-V/Ge material system is one of the potential alternative emerging materials for 
channel materials with comparable speed and low power according to ITRS 2012. And 
III-V, Ge, NWFET, TFET are the emerging research logic devices that are closely being 
tracked by ITRS 2012. While NW-FETs have attracted significant research interest in 
recent years [1-5], narrow bandgap materials can provide one-dimensional quantization 
effects at modest diameter and high mobility. The first reported high-speed and low-
power InSb FETs were InSb/In1-xAlxSb enhancement mode devices operating with an fmax 
of 89 GHz at Vds < 0.5V [6]. Recently, Intel and QinetiQ have demonstrated both 
enhancement and depletion mode InSb quantum well transistors with 305 GHz and 256 
GHz unity gain cut-off frequencies, respectively [7].  While NW-FETs operating at 
comparable frequencies have not yet been demonstrated, the results on planar devices 
reflect the potential of the material for enabling high-performance devices. So far there 
are only few reports on InSb NW growth and good quality NWFET operating at room 
temperatures. Also almost all the device quality InSb NWs reported is grown using 
Vapor-Liquid-Solid (VLS) method [8]. InSb NW-FET devices reported by Candebat et al 





conduction respectively [9-11]. However, repeatable growth of InSb NWs is challenging 
due to the difficulty in the stoichiometric growth of InSb due to vapor pressure 
differences of In and Sb and processing temperatures, barrier oxide layer formation 
around nanowires and various twin defect and stacking fault formation in the structure 
[12-14]. Despite widespread use of the VLS method, Hannon et al recently 
demonstrated that in Si NWs there is always a wetting issue arising from the diffusion of 
Au atoms into the NW sidewalls from the seed particle as the NW growth continues [15].  
Also, for Sb-based NW heterostructures such as InSb/GaSb it is difficult to maintain 
growth temperature inside the furnace as the growth temperature of one is closer to 
the melting temperature of other. An alternative growth method that can be very 
effective and economical is electrodeposition of elements from ionic solutions. For NW 
growth, the electrodeposition of elements into the nano-channels of a PAA template 
provides a very effective method and is greatly discussed in the previous chapter in this 
dissertation [16]. The first reported InSb NWFETs using nanowires grown by 
electrodeposition showed p-type channel conduction with a hole mobility of µh ~ 57 
cm2V-1s-1 [17].  
In this chapter, fabrication and characterization of NW-FETs employing individual, 
electrodeposited InSb NWs are reported and a high on-current (ION ~ 40µA) per NW is 
reported in comparison to other reported NW-FETs. Also a current saturation at low 





electron mobility of µe ~ 1200 cm2 V-1 s-1 was extracted from the room temperature 
transconductance data   
3.2 Experimental fabrication 
InSb nanowire field effect transistors (NW-FETs) with back-gated geometry were 
fabricated using a heavily doped (p+) silicon substrate as the gate contact and a 20nm 
thermally grown SiO2 as the gate dielectric. The wafer was patterned with an array of 
alignment markers using e-beam lithography, e-beam evaporation, and liftoff of nickel. 
The nanowires were then dispersed onto the wafer by casting a few drops of the NW 
suspension onto the wafer surface. Wires were located in reference to the alignment 
markers via SEM imaging. Source and drain contacts were then individually aligned to 
each wire and defined by an e-beam lithography, nickel deposition (90 nm), and liftoff 
process. Channel lengths (LCH) and contact lengths were both 500nm. The current-
voltage (I-V) characteristics of the devices were measured using a semiconductor 
parameter analyzer (Model HP4155C).  
3.3 Characterization and analysis 
FIG 3.1 below shows both a low resolution and High Resolution TEM (HRTEM) image of 
one of the electrodeposited InSb NWs. The HRTEM imagine was done using a FEI Titan 
80-300kV transmission electron microscope (TEM). The wires were found to be single 
crystalline without any visible dislocations, twin defects or stacking faults. The magnified 
image shows the lattice planes of the NW along with the [111] growth direction. The 





analysis, which indicates a crystal structure consistent with that of bulk InSb without any 
crystal defects. Independently, X-ray diffraction indicated a zinc blende structure with a 
lattice constant of 6.4782 A0 (not shown here). The wires were generally found to be 
tapered, consistent with the tapering in the PAA template. Near the narrow end, a 
diameter of ~ 90 - 100 nm is obtained over a length of ~2 µm. The NW-FET fabrication 
process allowed selection of specific regions along the length of the nanowires, so the 
channel regions of the NW-FETs were defined in regions of the NW with diameters of 90 
- 100nm. FIG. 3.2 shows the schematic diagram, an optical microscope image and a 
FESEM image of a representative NWFET device with gate length (Lg) of 500 nm set by 
the S/D spacing and with a typical Ω-type 500 nm wide Ni S/D contact electrodes. The 
actual device (on which the present data is shown) has a uniform diameter of around 









Figure 3.1 Low and High Resolution Transmission Electron Microscope (HRTEM) image 
of an InSb NW and magnified view showing the individual lattice planes. Inset shows 







Figure 3.2 Schematic diagram, an optical microscope image and a Field Emission 
Scanning Electron Microscope (FE-SEM) image showing a representative InSb NWFET 
with Ni S/D and back gate structure  
Output characteristics and Transfer characteristics 
The room temperature output characteristics of the n-channel device were measured 
and are shown in FIG. 3.3. Figure 3.3 (a) shows the output characteristics of the as-
fabricated device and fig. 3.3 (b) shows the characteristics after the devices are 
annealed at 3000C in argon ambient for 10 minutes. Before annealing the representative 
devices showed no visible current saturation, channel resistance (Rds) of 90kΩ for small 
Vds and a gate-source voltage (Vgs) = 2V, and heavily contact-dominated output 
characteristics (indicated by the diode-like characteristics). After annealing, the low field 










Rds at Vgs = 2V improved to 14kΩ (indicating reduction of contact effects upon annealing) 
and the devices exhibited I-V characteristics more consistent with channel-dominated 
behavior including saturation. Similar effects of decreasing the contact resistance upon 
annealing were reported earlier [18]. The on-currents were found to be around 40µA for 
drain voltages of 1V, significantly higher than reported values on wider bandgap 
materials. The extracted transconductance data in the linear regime of operation is 
shown in Fig. 3. 4 (a) and the peak gm of 2.75µS for Vds = 100mV was obtained from the 
plot. Using a cylinder-on-plate capacitance model for the gate (since dNW >> tox) and the 
peak transconductance value [19], an effective electron field-effect mobility of µe ~ 1200 
cm2V-1s-1 was extracted.  This value is significantly lower than reported values for bulk 
InSb, indicating that contact effects or scattering mechanisms such as boundary 
scattering play a significant role. In the saturation region (Vds = 1V), a peak 
transconductance of 16µS was extracted. The output resistance in saturation was ~ 75 
kΩ, which leads to an intrinsic gain (Gm x Rds) of 1.2. In a long-channel MOSFET model, 
Id saturation corresponds to channel pinch-off at the drain end of the channel.  In this 
case, the saturation (knee) voltage is Vknee  = (Vgs – Vth).  In our devices, current 
saturation occurred at Vds values around 500 mV even for (Vgs – Vth) ~ 3V, as compared 
to 100 mV saturation reported by Nilsson et al [10].  This early onset of saturation 
indicates that a mechanism other than channel pinch-off is responsible for the 





increase in Id with increasing Vds (beyond Vknee) can be explained, at least in part, by 
modulation of the channel potential (particularly near the source) by the drain.  
 
 
Figure 3.3 Output characteristics (Id-Vgs) of (a) the as-fabricated device and (b) device 





Due to 1-D electrostatics for the case in which the gate overlaps the S/D regions, the 
band bending near the source and drain is exponential with a characteristic length of λ = 
√(dwire dox εwire/εox) ≈ 90nm [20].  Although a channel length of ~ 5λ should be long 
enough to avoid substantial short channel electrostatic effects, a modest modulation of 
the source barrier is expected. In addition, fringing fields from the extended drain 
contact will modulate the channel potential.  As the ratio between the channel length 
and the body (NW) thickness is increased (e.g. by decreasing the NW diameter), the 
drain modulation would be expected to decrease.   
Fig. 3.4 (a) below illustrates the transfer characteristics of the annealed devices 
(annealed at 3000C in argon for 10 minutes) in the linear regime at drain voltages of 
50mV and 100mV respectively with an ION/IOFF ~ 16 – 20. These measurements were 
done following the high Vds measurements, which may have caused a bias-induced 
stress in the devices that shifted the threshold voltage to a more negative value. 
Subthreshold swings of several volts per decade were observed, which can be explained 
in part by the relatively thick body (NW diameter) but also likely indicating the presence 
of a high level of interface traps between the oxide and nanowires which is common for 
this bottom-gate geometry, particularly on SiO2. Figure 3.4(b) shows the transfer 
characteristics of the annealed devices in the saturation regime at drain voltages of 0.5V 
and 1V respectively. An ION/IOFF ratio of ~ 12 - 15 was observed and the threshold voltage 







Figure 3.4 Transfer characteristics (Id-Vgs) and the transconductance vs. gate voltage of 
the annealed device in (a) linear regime (Vds of 50mV and 100mV), (b) Transfer 
characteristics in saturation regime. Inset illustrates the band diagram of 500nm channel 
InSb NWFET at Vds = 0.5V with sub-threshold and above threshold gate voltages. 
 
Figure 3.4 (b) inset shows the expected energy band diagram along the 500nm channel 





exponential potential profiles described earlier. Due to the low bandgap, ambipolar 
behavior starts to appear at this drain voltage and higher (Vds of 1V also shown) and 
gate voltages below threshold. In this bias regime, a thin drain barrier allows electrons 
to tunnel out of the valence band into the drain, increasing the current. This is 
consistent with the measured transfer characteristics which show slight increase in 
current at high Vds and low Vgs, but no drastic increase at lower Vds (Figure 3. 4 (a)).  The 
bandgap of the wire can be approximated from the ION/IOFF ratio, using the relationhip 
(ION/IOFF) = ½ exp (Eg/2kT). While this relationship is strictly correct for a one-dimensional 
channel, ballistic transport, and low drain voltages, it can provide an estimate of 
bandgap for devices in which both electrons and holes can be readily injected and 
heavily doped “body” regions are not present.  Using this approximation, the bandgap 
was estimated to be ~ 0.20eV, which is consistent with the accepted value of 0.175eV 
for crystalline InSb.   
As mentioned previously, a mechanism other than channel pinch-off is required to 
explain the early onset of saturation.  The carrier velocity can be estimated and 
compared to the bulk saturation velocity for InSb.  The number of carriers in the channel 
per unit length at Vgs = 2V can be estimated by the gate capacitance (cylinder-on-plate) 
and gate voltage to be ~ 4.7x107 cm-1. From this number, in conjunction with the 
measured saturation current of 40µA, an average electron velocity can be calculated to 
be ~ 5.3x106 cm/s. This is significantly lower than the 4x107 cm/s saturated drift velocity 





not available, a reduced saturated velocity could result from enhanced scattering 
(surface/boundary scattering, electron-phonon scattering and electron-electron 
scattering) in the nanowires and is generally consistent with the observation of mobility 
lower than reported bulk values.  For velocity saturation, one would generally expect 
the critical electric field (Ecrit) to be related to the saturated velocity (vsat) by vsat ~ µEcrit.  
Assuming that our inferred velocity corresponds to vsat, and using our measured low-
field mobility, we estimate Ecrit ~ 5,000 V/cm. The electric field at the onset of saturation 
(Vknee / LCH ~ 10 kV/cm) is consistent with this estimate, indicating that a velocity 
saturation model with reduced vsat may be valid.     
While InSb nanowires are good candidates for both operation in a single 1-D sub-band 
and ballistic operation, the NW-FETs in the current study are not expected to exhibit 
significant effects from these mechanisms.  The spacing between the first two sub-
bands is approximately equal to the thermal energy (kT) at room-temperature. Coupled 
with operation at Vds values larger than kT/q, a number of sub-bands should be partially 
populated and participate in conduction. The room temperature ballistic mean free path 
of the electrons in bulk InSb is reported to be 580 nm [6]. Based on the channel length 
in the present study (500 nm), one might expect the devices to be operating in a semi-
ballistic transport regime. However, the measured transconductance per conductive 
mode in our NW-FET is significantly smaller than the fundamental conductance 
quantum G0 (G0 = 2e2/h = 77.5 µS), indicating that the devices are not in the ballistic 





lower than the bulk value, and the associated interpretation in terms of enhanced 
scattering mechanisms.  
Phonon scattering from the NW rough boundaries: Compared to room temperature 
electron mobility of bulk InSb, the much smaller mobility in nanowires led to the 
motivation to investigate the growth and structural aspects of our electrodeposited 
nanowires and correlate the transport properties of the NWFETs to the nanowires 
structures, shape and surface roughness. By analyzing the FESEM and TEM results we 
interpreted the possible phonon scattering events that might be responsible for the 
reduced mobility in our devices. 
The effects of surface roughness scattering on device characteristics have been 
investigated previously by Wang et al in Si NWFETs in a GAA configuration, where they 
demonstrated that the interface roughness between the oxide and nanowire reduces 
the channel DOS causing a higher threshold voltage [22]. Also, they showed that the 
surface roughness is less important in NWFETs with smaller diameters where there are 
fewer numbers of conducting modes in the channel. While our InSb NWFETs were 
operated in a back-gated configuration, because of the larger diameter of the wire (~90-
100nm) still there will be a significant interface roughness between the channel and the 
oxide. Since we have a higher number of conducting modes in our NW channels and 
with the fact that InSb NW truly show 1-D transport at room temperatures when the 
wire diameter goes below 25nm, we have significant surface roughness scattering in the 
channel region. Figure 3.5 shows the HRTEM image of a representative InSb NW and the 





upper right inset shows the FFT analysis of the NW revealing the selective area electron 
diffraction (SAED) pattern of the InSb zinc blende crystal structure without any crystal 
defects. However, one can notice that the nanowires surface is not atomically smooth; 
rather their surface roughness varies over ~ 5nm – 10nm along the nanowire length.  
 
Figure 3.5 HRTEM images of a rough InSb nanowire showing the crystalline quality of the 
nanowire along the whole nanowire length. The upper right inset shows the SAED 
pattern of the nanowire showing zinc-blende crystal structure. The lower left inset 







Figure 3.6 FESEM image of as-grown InSb nanowires showing the surface roughness 
In figure 3.6 a high resolution FESEM image of few nanowires of relatively larger 
diameters grown under similar conditions is shown, which clearly reveals the rough 
surfaces of the nanowires. The surface roughness of the wires (as studied from the TEM 
and SEM) can cause significant scattering of electrons and phonons in the nanowires 
with the rough boundary. For mobility enhancement, a careful surface etching (few nm, 
e.g. 10nm from the surface into the body of NW) and smoothening of the 
electrodeposited nanowires is sought before transistor fabrication.  
3.4 Conclusions of InSb NWFET work 
In summary, n-channel InSb NWFETs were fabricated using single crystalline 
electrodeposited InSb NWs. The measured room temperature I-V characteristics show 
low on-resistance, high drain current and saturation at low Vds. An ION/IOFF ratio of ~ 20 in 
the linear and saturation regimes and an electron mobility of 1200 cm2V-1s-1 were 
achieved. The ION/IOFF ratio and ambipolar behavior are both indicative of the low 





achieved by creating better ohmic contacts, reducing interface traps in the gate-oxide 
interface, improving the gate geometry with a top-gate or wrap-around gate structure.  
Also, etching and smoothening NW surface are desirable before fabrication for the 
NWFETs. Velocity saturation model with enhanced scattering was proposed to model 
the transport data. Scattering of electrons from nanowires surface roughness as well as 
from NW-gate oxide interface were claimed to affect the transport characteristics of 
these nanowires.      
3.5 Motivation  of hybrid InSbNW-superconductor devices 
Over last few years, various nanoscale-contacts to nanostructures have demonstrated 
many interesting physics at mesoscopic scale. For example, transport can be dominated 
by Coulomb effects due to presence of high-resistance barriers giving rise to single 
electron transistors, or by ballistic transport due to transparent electrodes and 
negligible scattering having maximum conductance per mode G0 = 2e2/h [or, more 
precisely, G0 = (2e2/h)*(T/R) where T and R are the transmission and reflection 
coefficients of the contacts]. One striking research area in mesoscopic device physics is 
to understand the importance of electrode-nanostructure coupling in devices with 
superconducting electrodes and semiconducting channel. In particular, below the 
superconducting critical temperature TC of the electrode material having transparent 
contacts (in other words, Schottky barriers at metal semiconductor interface with zero 
barrier height) is one of the key conditions for attaining exciting physical phenomenon 
that has recently brought wide attention. This device geometry with appropriate 





quasi-particle called ‘Majorana fermion’ – a long proposed elementary particle which is 
claimed to be its own anti-particle.  
While the goal of this work was not to demonstrate this whole complex experiment due 
to limitations, but to study the ground work for pursuing this direction. As a result the 
first goal is to investigate how the electrodeposited InSb NW devices with 
superconducting leads behave at temperatures below the critical temperature of the 
electrode material (typically milli Kelvin temperatures). Could the unique phenomena of 
proximity effect (arises typically due to Andreev reflection in a metal-superconductor 
interface below the critical temperature) be associated with electrodeposited InSb NW 
coupled with superconducting electrodes? With these questions in mind, we have 
fabricated devices consisting of InSb NWs as channel and aluminum source and drain 
contacts. Aluminum while acts as a normal metal at room temperature becomes 
superconducting at or below 1.1K with a sudden drop of resistance to zero. Therefore,∆, 
which is superconducting energy gap for aluminum is ~ 100 - 120µeV. The 
measurements of our devices were at 40 mK temperatures to ensure that we have 
superconductivity created at the interface of the device. Contrary, to observe the 
transparent electrodes, however, our observation was in the other extreme. At very low 
temperatures, a rather multiple quantum dot signatures were found in InSb NW devices. 
While this is interesting to understand why and how these quantum dot signatures have 
come, at the same time, there is much to improve the Schottky barrier in the device to 





3.6 Fabrication and characterization 
InSb BNWs were grown within the PAA channels following electrodeposition method. 
The wires were annealed using the recipe described earlier. Some of the branched NWs 
with sub 20nm diameters were collected on a silicon wafer for device fabrication. 
Following SEM image shows the nanowires after transferring them onto the wafer. 
   
Figure 3.7 InSb NWs transferred on to a silicon wafer prior to hybrid device fabrication 
Electron beam lithography was used to fabricate the devices. Source and drain 
electrodes (multiple electrodes) were patterned using Elionix 7700 model electron 
beam lithography at 100kV accelerating voltage and 80pA current. Prior to writing the 
pattern the NW surfaces were cleaned by etching with argon plasma for 15 seconds 
(pressure 1 Pa, accelerating voltage 1.05kV, and current 15 mA). An electron beam 









Figure 3.8 Images showing InSb NWs with channels of sub 100nm length and the 
fabricated hybrid devices 
Prior to inserting the device inside low temperature system, the room temperatur 
normal state resistance RN was measured. RN equals to 30kΩ was measured. Following 





zoomed-in SEM image show the NW with electrode design. The measurement was done 
using one pair of the electrodes.  
 
Figure 3.9 Image of the hybrid device taken before the low temperature electrical 
transport measurements. Zoomed in part shows the electrode design on the NW 
channel 
Then the device was characterized at a temperature of 40 mK using a dilution 
refrigerator. This temperature is well below the superconducting transistion 
temperature of aluminum TC = 1.1K. Below TC, a diffusion of Cooper pairs through the 





appearance of a supercurrent (proximity effect). However, contrary to our expectations 
the NW channel behave as a quantum dot with low temperature transport properties 
dominated by Coulomb Blockade signature as shown in the figure below 
 
Figure 3.10 Isd-Vbg characteristics of the hybrid InSbNW-Al device at 40mK temperature 
This may arise from the weak tunnel coupling of quasiparticles between the NW channel 
and superconducting electrodes. Similar transport regime was earlier reported by Y. J. 
Doh et al in InAs and InP NW hybrid devices [23]. More detail study is ongoing to fully 
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CHAPTER 4. BRANCHED InSb NW ARRAYS, TAILORED PHOTONIC COUPLING AND 




Manipulating optical/photonic properties using tailored nanoscale structures has 
become an important area of research in recent years. A number of approaches have 
explored tailoring optical properties in one or two dimensions. In one dimension, 
structures such as antireflective (AR) coatings or optical gratings are widely used. Two-
dimensional structures, including photonic crystals, have emerged as an important 
approach for efficiently coupling light from free-space into a material and, when 
coupled with selected spatial nonuniformities, for realizing optical cavities and planar 
waveguides. Such approaches could be extended to a 3rd dimension, e.g. by stacking 
layers of 2-D arrays, in order to provide a variety of interesting optical properties, and to 
allow integration into device structures of interest for IR detectors/ imagers, 
photovoltaic devices, and biomimetic structures suitable for providing color based on 
geometric, rather than spectral absorption, effects.  Tailoring photons in the 3rd 
dimension could provide a means to realize components which can provide optical 
filtering (e.g. low-pass or band-pass in energy) which can be controlled by the geometry 
or dynamically tuned via modulations in electronic carrier concentration.  In addition, 





ranges and broader acceptance angles for optical coupling. In this chapter, a novel 
approach consisting of branched InSb nanowire arrays is explored. The structure has 
been fabricated and its structurally tailored photonic coupling is studied experimentally 
and theoretically. Finally a proposal for fabrication of a wavelength dependent infrared 
detector is given. The first part of this chapter describes the growth and various 
structural investigations of the branched nanowires (BNW), the second part describes 
the photonic coupling studies and at the end a possible device structure is studied. 
Part of the contents of chapter 4 has been taken from a current manuscript written by 
the author for consideration of a future publication. Another part of the work presented 
in chapter 4 has been published by the author in Nano Letters: “Wavelength-Dependent 
Absorption in Structurally Tailored Randomly Branched Vertical Arrays of InSb 
Nanowires”, Nano Lett. 12, 6112 (2012)  
4.1 Motivation for nanostructured photonics 
Recently, light-matter interaction in single nanowire (NW) as well as nanowire arrays 
has gained significant research attention because of the many new effects that have 
been not observed in bulk materials [1-6]. Based on the structures, proposal of building 
new photovoltaic and opto-electronics devices have been proposed. A few examples of 
these novel devices are 1) nanowire photodetectors (such as photodiodes, single 
photon detectors, IR detectors), 2) nanowire photoconductors 3) nanowire photovoltaic 
devices, 4) optical switches, 5) optical interconnects, 6) focal plane arrays for deep space 
explorations and 7) medical imaging devices. In all of the above applications, 





insight into the design of the device is very important. Although NWs can be realized in 
various functional types such as metal NW, semiconductor NW, superconductor NW etc., 
this discussion focuses on semiconductor NW only. Like in electronics, where NWs offer 
plenty of opportunities based on quantum confinement, similar confinement of 
electromagnetic propagation in NWs with various diameters could play a vital role in 
building NW photonic/optoelectronics devices. Recently, large number of surface states 
on silicon NWs was exploited to alter the photoconduction mechanism in different 
regimes of the electromagnetic spectrum [7]. In a typical optoelectronic device, 
mechanisms such as light absorption, photo carrier generation, carrier transport (along 
with trapping, de-trapping and recombination) and carrier collection at the electrodes 
are important considerations. The carrier generation quantum yield (number of carriers 
generated per absorbed photon), mobility of photo generated carriers, lifetime of the 
carriers (before being trapped by a trap center) are various material parameters for 
consideration of a good optoelectronic device. 
In NW arrays several other mechanisms arise that lead to different optical properties. 
They are 1) optical birefringence, 2) enhanced light scattering, and 3) wave guiding 
effects along the nanowire length. The absorption properties (and hence the 
photocurrent amplitude) of semiconducting NWs on incident photon polarization define 
the optical birefringence [8]. The anisotropy in optical absorption giving rise to 
photocurrent amplitude variation is given by 





θ is the light polarization angle with respect to the principal NW axis and IPC0 is the 
incident photon polarization along the NW axis. Therefore, strong polarization 
dependence for optical absorption is expected in ordered NW arrays due to the optical 
anisotropy. When the physical dimension of the nanowires becomes comparable or 
significantly smaller than the wavelength of incident light, enhanced scattering from the 
NW surface becomes prominent and effects such as giant optical birefringence and 
optical funneling become evident from the structure. Light funneling comes into play 
when the NWs are so closely packed so that there are electromagnetic interactions 
between the NWs [9]. The dense NW arrays make the local refractive index high and 
enable confinement of the electromagnetic radiation. Wave guiding in NW and NW 
arrays occurs when there is a sharp index of refraction difference between the 
nanowires and surrounding medium such that the light can get totally internally 
reflected (like a wave guide) and pass through the other end of the wire. Another 
interesting effect demonstrated in NW arrays is the low reflectance from the surface 
(anti-reflecting coating). Therefore NW arrays with appropriate material parameters are 
suitable for possible applications in solar cells and photo-detectors. The low reflectance 
from such a structure may be understood by the low refractive index of the effective 
medium formed by the NW arrays surrounded by air. Effective medium theory is used to 







4.1.1 Single InSb NW IR detector 
III-V semiconductors such as InSb, InGaAs or group IV element such as Ge are used 
traditionally as IR detectors owing to their low bandgap and hence large detection limit 
in the IR range. InSb with its small bulk bandgap is an ideal material for middle-wave 
infrared detection (MWIR) up to 7.3µm. Relation between the band gap and 
corresponding wavelength of photon generation by the e-h recombination is given by 
the following equation, 
λ (nm) ≈ 1240 eV.nm/ Eg (eV)    
Considering the band gap of InSb NW to be same as the bulk band gap at RT (i.e. 
170meV), the critical photon wavelength emitted by the recombined e-h pair in InSb 
NW will be the following: 
λ0 ≈ (1240 eV.nm/ 0.17 eV) = 7294.11 nm = 7.294 µm 
However, a recent report investigated the diameter dependence of band gap in InSb 
NWs [11]. Also for low temperature operation, an additional contribution comes from 
temperature dependence of band gap. 
Photonic confinement in InSb NW: similar to electronic confinement where the NWs 
should have dimensions (diameter) comparable or smaller than the Fermi wavelengths 
of the charge carriers, in photonic confinement, the diameter should be comparable or 
less than the Bohr radius of the exciton (composite bound-state of electron and hole) 





screening in a given semiconductor) of InSb nanowires is given by aexciton,InSb = [a0ε 
/(m*/me)] ~ 65nm [typically it ranges from 2.2nm (ZnS) to 7.5nm (CdTe) in II-VI quantum 
dots and from 11nm (InP), 38nm (InAs) to 60nm (InSb) in III-V quantum dots. Si has a 
value of 4.9nm]. Therefore its bandgap can be tuned with the diameter below 65nm. 
Considering the model Hamiltonian for a Wannier exciton and solving the Schrodinger 
equation for a NW, the bandgap is related to the diameter as follows:   
𝐸𝑔,𝑁𝑊 =  𝐸𝑔,𝑏𝑢𝑙𝑘 + ℎ28𝑑2 ∗ � 1𝑚ℎ∗ + 1𝑚𝑒∗� − 1.8𝑞2𝜀𝑑   
Where, ε is the dielectric constant of NW, d is the diameter, (m*)h and (m*)e are the 
effective masses of hole and electron respectively, ‘h’ is the Plank constant, ‘q’ is the 
electronic charge, and ‘Eg, bulk ‘ is the bulk band gap of InSb. 
Graphically, the dependence of band gap on InSb nanowire diameter is shown below. 
For d > 65nm, the InSb NW has essentially the bulk band gap value, however, for 10nm < 
d < 65nm, the band gap changes as 0.4eV > Eg > 0.17eV. This energy range corresponds 
to λ (wavelength of radiation) of 3.1µm to 7.3µm. So photon absorption can be tuned 






Figure 4.1 Diameter dependence of bandgap for an InSb NW 
Recently, a device containing a single InSb nanowire was proposed as a room 
temperature IR detector with high quantum efficiency and low dark current by Chen et 
al [11]. A 20-35nm diameter InSb NW in a planar device configuration with an Au at one 
end and a Cu electrode at the other end forms a Schottky photodiode that separates the 
photogenerated e-h pairs and generates the photocurrent. However, this device has 
several limitations such as (i) in a single NW detector the signal to noise ratio may be 
very small which will hinder the application for a large scale device and (ii) the photon 
absorption length (length perpendicular to the incident light, i.e., along the NW) will not 
be sufficient. Therefore, such a device will be less efficient. A detector based on InSb 
NW array has not been demonstrated. 
Ref: H. Chen et. Al., IEEE Nanotechnology Materials and Devices Conference, June 2-5 (2009), Traverse city, MI, USA, 
doi 10.1109/NMDC.2009.5167558





4.1.2 Proposal of branched InSb NWs arrays for antireflecting coating and wavelength 
selective IR detectors 
NW arrays can provide a larger collection of photons and effectively decouple two 
characteristics length scales (extinction distance and minority carrier diffusion length). 
Size-quantization and dielectric confinement related to the size (e.g. diameter/length), 
shape (e.g. taper), and periodicity of the NWs have been engineered for applications in 
NW-based photovoltaics and photodetectors with considerable success [10, 22-28]. 
Here, on other hand, a vertical stack of InSb NW arrays with different diameters forming 
a branched NW (BNW) structure has been proposed as discussed earlier in chapter 1 
(Fig. 1.7). The photons are absorbed in a direction along the axis of the NWs (smaller 
diameter wires with average diameter of ~20nm face one side of the stack and larger 
diameter wires with average diameter of ~150nm face the other side of the stack) and 
will be intended to be collected along the diameter of the wires. Our nanowire array 
structure is schematically depicted in Fig. 1.7 and will be discussed below. In fact, a 
denser branching at the top layer of the array provides a unique photonic coupling that 








4.2 InSb BNW structure and growth 
 
Figure 4.2 Schematic of various size dependent photonic coupling nanostructure arrays 
for photonic or photovoltaic applications  
Figure 4.2 (a)-(e) above shows the evolution of our BNW structure. Fig. 4.2 (a) shows the 
schematic diagram of a thin film with bulk material parameters. Fig. 4.2 (b) shows 
aligned arrays of semiconductor NWs/nanopores as potential structures for photonic 
applications [10, 22-23].  There are several physical effects that can be attributed to the 
use of aligned NWs. Within a vertically-aligned array of NWs, it is possible to de-couple 
the two fundamental length scales for photovoltaic devices, namely the absorption 
length (axial in a nanowire array) and the minority carrier diffusion length (radial) [24].  
At very small diameters, it is also possible to increase the band gap energy (with respect 
to the bulk value) via electronic size quantization [25]. While the interface between air 
and an array of nanowires provides lower optical reflectance than an air/bulk interface 
of the same semiconductor, several groups have further reduced surface reflection and 





of the nanowire, as shown in Fig. 4.2 (c). Reported structures include dual diameter 
nanopillars (DNPLs) [26], nanoneedles (NNs) [27], and nanoholes (NHs) [28]. A DNPL 
array provides a stepped change between a low-fill factor top layer and a high fill factor 
bottom layer, which provides broadband absorption close to unity in 300-900nm 
regime. Conical nano-needles (NN) provide a tapered change in the fill factor, resulting 
in a very low reflectance. The lower reflectance is typically attributed to the graded 
dielectric transition and paves the way for allowing a higher fraction of the incident light 
to be absorbed. Many prior nanowire array studies have considered dielectric properties 
associated with the non-unity filling ratio and/or graded/stepped transition, which can 
generally be understood in terms of an effective media analysis [10, 27].  However, one 
would expect photonic effects, e.g. the coupling between photons and the nanowires to 
depend on the ratio between the photon wavelength and the local nanowire diameter. 
Hu et al theoretically analyzed the reflectance and absorption of a silicon nanowire 
array as a function of the diameter, length, and filling ratio of individual nanowire arrays 
[10]. This study concluded that in the short wavelength regime (< 413nm), the overall 
fraction of incident light absorbed within the array is much higher than that of a thin 
film structure, due to decreased reflection.  The absorption in the longer wavelength 
region (413-1127nm) is suppressed, but can be improved with NW length, filling ratio 
and/or by introducing light trapping mechanisms [10]. A second trend in vertically 
oriented NW involves increasing the diameter distribution, so that a broadband 
absorption is possible.  While highly ordered structures can provide relatively sharp 





Fig. 4.2 (d), can yield high broadband absorption or wide-angle collection of light [29].  
Random NW arrays can provide significant diffused reflectance (in contrast to the 
specular reflectance in case of a periodic array) arising from strong multiple optical 
scattering events and can lead to additional light trapping [29-34]. Unfortunately, while 
the randomness in diameter allows broadband absorption, it is counterbalanced by 
reduced absorption due to high reflectance of larger diameter-NWs. 
Here the third possibility offered by hierarchical, vertical stacking of BNWs with random 
diameter distribution (see Fig. 4.2 e) can simultaneously maximize absorption and 
minimize reflection, and thereby combine the advantages of the approaches discussed 
above.  To validate the concept, we present a coupled experimental and modeling study 
on vertically aligned, BNW arrays. In contrast to most prior branched nanowire studies, 
this arrays exhibit hierarchical stacking, i.e. average diameter changing monotonically 
from layer to layer.   The study demonstrates low reflectance (significantly different 
from that expected for a thin film of comparable thickness) and a unique wavelength 
dependent absorption that can be explained on the basis of structurally dependent 
photonic effects. The experimental results are well fit by a model considering the 
wavelength-dependent coupling to a given diameter nanowire and the random 






Figure 4.3 Schematic diagram and cross-sectional FESEM image of a RBNW array after 
electrodeposition into the nanochannels of a BPAA template  
An idealized cross-section of the 3-layer structure and average diameters/periods within 
each region of a single element of the NW array is shown in Fig. 4.3 (a). Fig. 4.3 (b) 
shows cross-sectional field emission scanning electron microscope (FESEM) images of a 
representative area within a RBNW array.  Fig. 4.3 (c) shows zoomed-in section of the 
array near the top surface. Based on the statistical analysis from FESEM images, the 
average diameters (average spacing) within the three regions are:  20 (40) nm, 100 (220) 
nm and 150 (440) nm, respectively.  The RBNW structure (Fig. 4.3b) exhibits randomness 
in both diameter and segment lengths. Standard deviations of diameters were 





defining the optical properties of the branched NW. The multi-layer stack, in general, 
can be extended to any number for light manipulation. 
Experimental: For the BNW growth, a gold coated commercial PAA template of 
thickness 60 µm (Anodisc 13 from Whatman) was used. Over most of the PAA thickness, 
the average pore opening was ~150nm with a periodicity of ~ 440nm.  However, within 
~1.5 µm of one surface of the PAA, the template contains a branched network of 
nanopores with average diameter of ~100nm and a surface region with average 
diameter of ~20nm.  This layered structured template with an evaporated gold layer 
was used as working electrode for cyclic voltammetry and hierarchical BNW growth. 
Cyclic voltammetry and DC electrodeposition were used to identify the reduction 
potential as well as to grow the NWs (both these techniques are described in chapter 2). 
After the growth, a typical BNW array has a hierarchical branched structure, with three 
nominal regions described above: a “trunk” (average diameter of 150nm), large 
branches (average diameter of 100nm) and small branches (average diameter of sub-
10nm to sub-20nm). This thesis work, (i) used an all-solution, catalyst free 
electrodeposition method to grow InSb BNW arrays at room temperature (ii) 
demonstrated highly crystalline InSb NWs starting from sub-10 nm diameters to 
~150nm diameter following a post-annealing recipe in argon (iii) developed a large-scale 
bottom up approach of nanowire growth that can be tuned to grow NWs starting from 
few hundreds of nanometers to tens of microns in length, simply by adjusting the 





antireflection properties; one of the key requirements for vertical NW based solar cells 
and other photo-detector devices. A near unity absorption was obtained in UV-VIS 
region and tailored wavelength dependent absorption (depending the length of the 
BNWs) was obtained in near-infrared (NIR) regime. Before discussing and analyzing the 
photonic characterization, the following section describes more detail study of the BNW 
structural characterization.  
4.3 NW structural characterization 
The structural properties of the branched NWs were studied using scanning 
transmission electron microscopy (STEM), TEM, SEM, XRD, EDX, and Raman 
spectroscopy experiments. XRD spectrum of the annealed nanowires was collected 
using a Bruker D800 focus powder diffractometer with Cu Kα1 wavelength of radiation 
(λ = 1.5406 A0). The electron microscope images of the NWs were captured using a 
Hitachi Field Emission SEM (FESEM) and FEI Titan 80-300kV TEM. The EDX was 
performed inside the TEM chamber. For TEM sample preparation, the PAA template was 
dissolved in 1M KOH solution overnight and then the nanowires attached to the gold 
layer were released into isopropyl alcohol (IPA) via sonication. Few drops of solution 
containing NWs were placed onto the TEM grid and dried. For XRD measurements and 
Raman spectroscopy, the PAA template containing the nanowires was first etched back 
from the front surface for 8-10minutes using 1M KOH, rinsed thoroughly in DI and then 
dried overnight in dry N2. The Raman spectrum of InSb NWs was taken using a Jobin 





semiconductor laser excitation source at different power densities and 1800 rulings/inch 
grating settings. The reflectance spectra were measured using Perkin Elmer UV/VIS/NIR 
spectrophotometer (model Lambda950). Fig. 4.4 below shows the cross-sectional as 
well as the top view FESEM image of a PAA template filled with InSb nanowires. This 
sample is grown at an electrode potential of -1.0V.  
 
Figure 4.4 Cross-sectional FESEM image of InSb nanowires embedded inside the nano-
channels of a PAA template, following growth at an electrode potential of -1.0V for (a) 
20 minutes and (b) 45 minutes; (c) top view FESEM image of InSb nanowire array after 





(d) average NW length vs. NW growth time (min.) plot to estimate the growth rate of 
BNW arrays. 
 
Figure 4.5 High resolution FESEM image showing representative hierarchical BNW array 
Fig. 4.5 shows a representative BNW array with a fill factor (defined as the fraction of 
pores filled by InSb) of ~80% corresponding to a growth rate of 0.34 µm/min. Note that 
the growth rate can be larger for a NW array grown at a higher potential. The top region 
(note that this image is upside down with respect to fig. 4.4 (a) and 4.4 (b)) average 
diameter of the InSb NWs is below 20nm, these branches merge together to form 
intermediate branches of average diameter ~100nm ((d,σ) ~ (100, 25)) and eventually 
they further coalesce to form the trunk structure of InSb NW array with average 
diameter of ~150nm ((d,σ) ~ (150, 25)). These BNWs structures could be grown on large 





used for various applications in photon managements, energy harvesting, etc. As an 
immediate illustration, the next section will discuss the optical reflectance of these BNW 
arrays and compares it with a bulk InSb wafer. 
Crystal Structure of the NWs 
InSb NW crystal structure was studied using XRD following an in-situ annealing of NWs 
(see chapter 2, section 2-3). The XRD of annealed NWs was carried out using Cu Kα1 
radiation (λ = 1.5406 A0) and is shown in Fig. 4.6. All the diffraction peaks (except the 
one with a * mark and peaks corresponding to Al2O3 template) were indexed according 
to the zinc blende crystal structure of bulk InSb from the JCPDS file. The peak with * 
mark at 2θ ~ 33.20 may be attributed to <321> peak of In2O3 or <101> peak of In or to 
both the impurity phases in host InSb. The lattice constant along different lattice planes 
were calculated and the average lattice constant was estimated to be 6.4450A0 with a 
1.05% mismatch between the measured and standard reported value of InSb [see 
appendix A]. Both crystallite size ( c ) and the strain ( e ) contribution to the total 
contribution of line broadening were calculated using Scherrer formula [12]  
 
(B cosθ/ λ) = (0.9/ c) +  (4e sinθ/ λ) 







Figure 4.6 Powder x-ray diffraction pattern of annealed InSb nanowire array (grown at -
1.5V) using Cu Kα1 radiation (λ = 1.5406 A0); Inset shows the corresponding Williamson-
Hall plot showing line broadening from lattice strain and crystallite size.  
The first term on the right side of the latter equation is the line broadening contribution 
due to the crystallite size and the second one is due to the strain/distortions in the 
crystallite. λ is the Cu Kα1 wavelength, θ is the Bragg diffraction angle correspond to 
particular diffraction peak, c is the crystallite size and e is the maximum limit to the 
strain in the lattice along the particular diffraction direction. B, the total contribution to 
the line broadening, can be experimentally measured from the full width at half 
maximum for any particular diffraction direction and c and e can be estimated from 
intercept and the slope of the Williamson-Hall straight line plot between (B cosθ/ λ) vs. 





fitting all the diffraction peaks to a Pearson VII amplitude profile using peakfit software 
and is shown in fig. 4.6 (inset). The linear plot with finite positive slope indicates the 
presence of both line broadening factors in our InSb nanowires. The crystallite size and 
the lattice strain were found to be 4.011nm and 0.109, respectively. In order to probe 
the detailed microstructures of the tailored branched NW structure, surface roughness, 
crystal orientations, lattice structure etc. HRTEM, EDX analysis, and Raman spectroscopy 
of the electrodeposited InSb NWs were performed. For TEM, both as-grown and 
annealed NWs were examined and the individual NW crystallinity was monitored.  
 
Figure 4.7 (a) HRTEM image of trunk region of an as-grown InSb NW grown at RT at -






Figure 4.7 (a) – (d) shows the HRTEM image along with the FFT analysis of 
representative InSb BNW. Images were taken within both the branched and the trunk 
region of the wires. Figure Fig. 4.7 (a) shows the HRTEM image of a room temperature 
(RT) as-grown NW taken at the thicker trunk region. Selective area electron diffraction 
(SAED) patterns are shown corresponding to the boxed regions on the NW and the 
diffraction points were matched with the indicated phases and orientations as shown in 
Fig. 4.7 (a) [e.g. InSb (100), InSb (210), Sb2O4(111)]. From these images, it is clear that 
the RT growth of InSb NWs produces wires with nanocrystalline structures (note that 
this is true for the thicker wires at the trunk region as well), with randomly oriented 
nanocrystals.  
 
Figure 4.7 (b) low resolution TEM image of as-grown nanowires, following removal from 
PAA template.  A number of NW segments (“trunks”, “intermediate branches” and “ and 





showing the smaller diameter segments (“ thin branches”), indicating that these regions 
are crystalline even prior to annealing 
Fig. 4.7 (b) shows a low resolution image of a number of wires entangled within the TEM 
grid, containing segments of both trunks and thin branches. Fig. 4.7 (c) shows the 
HRTEM images of the branch regions of the as-grown BNWs. The top layer NWs are 10-
15nm in diameter and are crystalline, as indicated by the parallel lattice planes. Several 
branched NWs flocking together can be seen in the image, all are sub-20nm diameter.  
The nucleation of InSb at the pore-bottoms of tiny channels, subsequent growth and 
crystallization at RT may be due to confinements of crystal planes in the reduced 
dimensional channels.  
Fig. 4.7 (d) shows a HRTEM image of a segment of the trunk in a post-annealed wire. 
Remarkably, in this case, the structure has transformed to being single crystalline along 
the entire length of the NW, without any visible dislocations, twin defects or stacking 
faults, etc.  The magnified part (bottom left of Fig. 4.7 (d)) shows the growth along [111] 
direction of the NW. This assignment is confirmed from the interplanar spacing value of 
dhkl = a/(h2+k2+l2)1/2 for [111] direction and using the lattice parameter found from x-ray 
diffraction. The FFT analysis of the NW confirms the SAED pattern of the InSb zinc 
blende crystal structure. However, one notices that the NW surface is not atomically 






Figure 4.7 (d) HRTEM image of a segment of a trunk region of InSb NW after thermal 
annealing. The bottom left of FIG. 4.7(d) shows a magnified view of the parallel lattice 
planes of zinc blende InSb NW, indicating growth along <111> direction  
Fig. 4.8 below shows the EDX analysis of InSb NW. Both the elemental analysis and the 
energy spectrum of the core-electrons of the elements are shown. Uniform spatial 
distribution of indium and antimony over the NW body (characterized by red and cyan 
dots respectively in the elemental analysis) indicates compositional uniformity of the 
constituent elements in the NW. The presence of oxygen is characterized by the white 





get deposited on the NW as a result of very high resolution spectroscopic imaging and 
are characterized by the green dots in the elemental analysis.  
 
Figure 4.8 EDX elemental mapping and EDX spectrum of single InSb NW (grown at -1.5V) 
captured using a detector inside the STEM chamber.  
The spectrum in Fig. 4.8 shows the various peaks corresponding to the constituent 








Figure 4.9 (a) Scanning Transmission Electron Microscopic (STEM) image of a sub-10nm 
InSb nanowire (grown at -1.5V), showing InSb zinc-blende structure; (b) SAED pattern 
showing the diffraction points of InSb NW; (c) the theoretical diffraction of zinc-blende 
InSb; (d) comparison of the experimentally measured InSb NW with the theoretical 
diffraction spots 
Fig. 4.9 above shows the scanning TEM image of an InSb NW with ~ 8 - 10 nm diameter 
along with the SAED pattern. The nanowire is highly crystalline, showing [111] parallel 





3.74 A0 ~ 0.36nm), which correspond to InSb. Fig. 4.9 (c) shows the theoretical 
diffraction pattern of InSb (ICSD code: 640411). A comparison of measured interplanar 
spacing from FFT in Fig. 4.9 (d) with the theoretical one (Fig. 4.9 (c)) shows a 9% lattice 
relaxation (expansion) in the NW.      
Raman spectroscopy involves a non-destructive light scattering technique accessing 
various allowed phonon modes associated with chemical bond/ lattice vibration in a 
solid. Therefore, every element/ compound has its own characteristic Raman features 
and thus Raman spectroscopy is used as a reliable tool for material characterization. For 
last decade or so, Raman spectroscopy has been used to study nanoscale material 
systems. Nanowires of wide varieties of materials as well as geometries are being 
studies using this technique. InSb NW arrays were studied by analyzing their phonon 
spectra using Raman spectroscopy. Figure 4.10 (a) shows the Raman spectra of InSb NW 
ensemble with different incident laser powers and Fig. 4.10 (b) presents the 
corresponding spectra of a bulk InSb wafer <111> for comparison. The peak around 175 
– 177 cm -1 in bulk InSb corresponds to the TO phonon and the one at around 187 cm-1 
correspond to the LO phonon mode [13]. Similar features were observed in our InSb 
nanowires in addition to few other peaks. In order to identify the exact peak positions, 
we have fitted the peaks of the spectrum -- taken at 16mW laser power -- using a 
Lorentzian line shape analysis, see Fig. 4.10 (c).  A similar procedure was followed for 
the spectra taken at other laser powers as well. Solid spheres represent the 
experimental data and the lines represent the results of the Lorentzian line shape 





at 175.2 cm-1 and 185.33 cm-1 represent both the TO and LO positions, respectively for 
InSb NWs. However, we must emphasize a number of important differences between 
bulk and NW InSb: First, the peaks in the bulk InSb are symmetric whereas the peaks in 
the nanowires were found to be asymmetric with appearance of low frequency tail. 
Second, there are peak shifts in each of these peaks compared to the bulk values. Third, 
after calculating the FWHM of the peaks, it was realized that the line widths of the 
peaks in the nanowires are broadened. And lastly, the peaks at 134.15 cm-1 and 104.35 
cm-1 are not visible in the bulk InSb, but are prominent in our InSb NWs. For an ideal 
infinite bulk crystal, the Raman scattering occurs because of the participation of 
phonons centered on the Brillouin zone center (this gives rise to fundamental q ~ 0 
Raman selection rule). However, when the crystal size reduces to nanoscale as in 
nanowires, due to Heisenberg uncertainty principle, the q = 0 Raman selection rule gets 
relaxed and phonons away from Brillouin zone participate in the scattering. The phonon 
uncertainty which varies ∆q ~ 1/d (d is the nanowire diameter) and gives rise to 
asymmetric broadening and downshifting of the Raman peaks. Similar situations also 
arise for crystals with large crystal imperfections (like roughness), impurities and defects. 
The appearance of additional peaks at ~ 150 cm-1 and ~110 cm-1 was reported earlier in 
InSb nanorods by Wada et al; these peaks have been assigned to TO-TA and 2TA phonon 
modes, respectively [14]. Also the room temperature Sb A1g and Eg peak positions are 






Figure 4.10 (a) Raman spectrum in backscattered geometry at different power densities 
for annealed InSb BNW array; (b) the corresponding Raman spectrum of bulk InSb wafer 
<111> was taken at same experimental setting using similar parameters; (c) De-
convolution of InSb Raman spectrum into various phonon modes using Lorentzian line 





Berengue et al. recently reported the Raman spectra of cubic In2O3 NWs which shows 
phonon modes at 109 cm-1 and 135 cm-1 and Deng et al showed the phonon modes of 
(rectangular cross-section) Sb2O3 NWs which appear at 143.69 cm-1 [17,18]. Since our 
InSb NW is fairly phase pure, we do not assign the peaks to any of the impurity peaks 
pertaining to Sb, In2O3, and Sb2O3. On the other hand, Kiefer et al. assigned all the 
phonon modes in bulk InSb at RT, with the peaks at 134 cm-1 and ~ 120 cm-1  assigned to 
TO-TA and 2TA phonon modes, respectively [19]. Therefore, we assign the peaks at 
134.15 cm-1 to TO-TA mode and at 104.35 cm-1 to 2TA mode. Although ~15 cm-1 Raman 
shift in the peak position is large and is not expected to occur only due to phonon 
confinement (from ~150nm wires to ~sub 20nm wires), the residual stress and strain in 
our hierarchical branched structures may account for this shift. Because of the merging 
of many branches on NW trunk and also because of the tapering of the trunk itself there 
might be a large residual stress present in the structure. A large downshift of ~40cm-1 
has been previously noticed in the LO mode of GaAs NWs by Shi et al. and has been 
assigned to defects and residual stresses in addition to the phonon confinement [20]. 
The downshifting (and asymmetric broadening) of the LO and TO peak positions and 
hence the phonon energy in our InSb NWs with different laser power can be related to 
the combined effect of phonon-confinement (Richter-Campbell-Fauchet model) and 
lattice heating of the wires (photoexcitation of carriers and dissipation of excess heat to 
the lattice). Similar results were reported for Si nanowires by Piscanec et al [21]. Our 
very thin/small diameters of BNWs can cause significant phonon confinement in leading 





order induced by other non-idealities in crystal structures like impurities, lattice defects 
and/or surface roughness, further downshifts the phonon peaks compared to the bulk 
values. Since the HRTEM and XRD results of our InSb NWs reveals no existence of lattice 
defects and impurities, the further downshifting in the phonon peaks are believed to be 
due to the residual stress, strain, and surface roughness in our NWs in addition to the 
phonon confinements.  
4.4 Optical/photonic characterization 
.   In this section, the reflectance and transmittance measurements on BNW array 
structure with different average nanowire lengths have been performed over the 
wavelength range of 300-2000 nm, and absorbance has been calculated from these 
measurements.  It will be demonstrated that the structures show low reflectance over 
the visible and IR region and wavelength-dependent absorbance in the IR region.  A 
model considering the diameter-dependent photonic coupling (at a given wavelength) 
and random distribution of nanowire diameters within the regions will be developed.  It 
will be further shown that the diameter-dependent photonic coupling results in a roll-
off in the absorbance spectra at wavelengths well below the bulk cut-off of ~ 7 µm, and 
randomness is observed to broaden the absorbance response.  Varying the average 
diameters would allow tailoring of the wavelength dependent absorption within various 
layers, which could be employed in photovoltaic devices or wavelength dependent-IR 





Prior to the optical measurements, the RBNW samples were thoroughly cleaned with 
ultrapure DI water, dried with N2 gas and prebaked at ~90°C to thoroughly dry. The gold 
electrode was etched away using gold etchant (from Transene Co.). For reflectance and 
transmittance measurements, a Perkin Elmer UV-VIS-NIR spectrophotometer (Model 
Lambda 950) with an integrating sphere arrangement was used. Prior to the each set of 
measurements, the system was calibrated with the white colored standard reflector 
from Perkin Elmer. Also with identical experimental conditions, the reflectance and 
transmittance spectra of a blank BPAA were recorded and the absorbance was found to 
be less than 1% for wavelengths larger than 850nm (our spectrum of interest). After all 
instrumental calibration, data of three samples RBNW0, RBNW1 and RBNW2 were taken 







Figure 4.11 Reflectance, Transmittance and normalized Absorbance measurements of 
vertically aligned branched InSb NWs [explained in the text]. A blank BPAA was used as a 
reference.  
In order to decouple the effects and properties associated with various layers in the 
hierarchical RBNW structure, four types of structures were characterized. Fig. 4.11 (a) 
shows simplified cross-sectional schematic of a blank BPAA, BPAA with ~800nm from 
top surface filled with InSb (RBNW1), BPAA with ~1.4µm from top surface filled with 
InSb (RBNW2) and a schematic of the etched back sample (RBNW0). Fig. 4.11 (b) shows 
the measured reflectance of RBNW0, and reflectance calculated for same nominal 
structure from effective medium theory. Fig. 4.11 (c) shows the measured transmittance 





normalized absorbance of RBNW1 (black) and RBNW2 (red), extracted using A = [(1-R-
T)/(1-R)]. The reference structure (RBNW-ref) consists of a BPAA membrane that is not 
backfilled with InSb. This structure (RBNW-ref) showed negligible absorption in the 
spectrum of interest (less than 1% for wavelengths 850nm and beyond). The second 
structure (RBNW0) consists of a BPAA membrane backfilled with ~ 20µm of InSb 
followed by a ~ 10µm etch-back of the alumina to form a free-standing array with a 
thickness larger than typical absorption lengths (effectively eliminating reflections from 
alumina surface during reflectance measurements).  Finally, RBNW1 (wire length 
~800nm, consisting primarily of regions 1 and 2 (see Fig. 4.3a)) and RBNW2 (wire length 
~ 1400 nm, including all three regions) consist of shorter nanowire structures; the 
alumina membrane was required for structural support, and therefore was not etched 
in these samples.  The sample shown in Fig. 4.3b is representative of type RBNW0, prior 
to back etching of the alumina.  
The reflectance (R) and transmittance (T) of the samples were measured and the 
absorbance (A) was calculated from these characteristics. About 1mm2 of the “top” 
surface of each sample (i.e. containing smallest diameter pores/wires) was illuminated 
at normal incidence (θ = 0°), arranged inside an integrating sphere setup, with the 
wavelength of the incident light ranging from 300nm (UV) to 2µm (NIR to mid IR). 
Uniformity of the nanowire array within the optical spot size is discussed in appendix B. 
Fig. 4.11b shows the measured R versus wavelength for the free-standing NW array 





approximation using the bulk material parameters of InSb and the fill factors for the 
different regions (~19.6%, ~16.2% and ~9.1% in the top, intermediate and bottom 
regions, respectively inferred from FESEM) [35]. The measured reflectance appears to 
be well approximated by the effective media approach. The R of a thin film of equivalent 
thickness (~800nm and ~1400nm) would be approximately ~47% (UV-VIS) and ~37% 
(near-IR). Assuming the average refractive index of InSb 4.313, a simple calculation of 
the reflectance of a bulk InSb is given as follows:     
 
 
Following figures show a comparison of broadband reflectance of a bulk <111> InSb 
wafer with BNW array result of Fig. 4.11 (b) 
 
Figure 4.12 (a) UV-VIS-IR reflectance spectrum of bulk InSb (wafer) 
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Figure 4.12 (a) shows the experimental reflectance of a bulk InSb wafer. Dotted 
horizontal lines indicate the average values of the reflectance and dotted circles show 
the fluctuating signal coming from the detector during a change in the light source in 
the spectrophotometer between tungsten-halogen and deuterium sources at ~700nm 
and 2300nm wavelengths. The reflectance value matches well with the predicted 
reflectance of ~39%. Based on the fill factors for BNW array mentioned before, the effective 
medium theory qualitatively predicts the following refractive index profile that would cause a 
reduced reflectance.  
 
 






However, we will see that the effective medium approach cannot describe local 
absorption within and transmission through the photonic nanostructure. Fig. 4.11c 
shows the measured T of RBNW1 and RBNW2 in the 300nm-2000nm range. The T is 
small in the lower wavelength range (<700 nm) and it rises linearly for wavelengths 
>700nm (RBNW1) and > 850nm (RBNW2), indicating that a broader range of 
wavelengths is absorbed for samples with significant filling in region 3.   
In order to differentiate the effects of absorption and reflection and to allow direct 









The measured A of RBNW1 and RBNW2 (Fig. 4.11d) shows nearly complete absorption 
for wavelengths up to ~700nm (RBNW1) and ~850nm (RBNW2). The absorbance 
decreases linearly in the NIR regime, with the rate being somewhat faster for the 
shorter arrays of RBNW. The absorption band can be tuned by designing the RBNW 
layers with specific average diameters. This broadband and wavelength dependent 
absorption along with its tunability in branched NW structure is unique and key results 
in this work.   
To understand the origin of the wavelength-dependent absorption in such a complex 
hierarchical RBNW structure and its implication of depth-resolved absorption, we 
theoretically interpret the T and A spectra associated with the different configurations. 
The numerical analysis was implemented using the electromagnetic simulator COMSOL 





were used and normal incidence of the plane wave was assumed [37]. For detail 
computation, see appendix B. As we will see below, the characteristic randomness in 
diameter of RBNW has a significant effect on the broadening of the absorption 
spectrum, which can neither be explained by a periodic structure, nor exclusively by the 
variation in the lengths of the NWs. In order to understand the effects of this 
randomness, a model was employed assuming that the diameter has a Gaussian 
distribution characterized by a mean diameter (?̅?) and standard deviation(𝜎). The 
structures associated with samples RBNW1 and RBNW2 were modeled using 2-layer 
RNW arrays corresponding to regions 2 and 3 in Fig. 4.3. Since NWs with diameters of 
~20nm do not significantly couple to wavelengths over the measurement range (300nm-
2000nm), Region 1 can be omitted in the optical modeling. This approximation reduces 
computational burden and simplifies conceptual interpretation of the results.  This 
approach is justified, because as it will be seen later that the salient features of the 
experiment can consistently interpreted using the simplified structure.  
Analysis of the FESEM images show that the two step RBNW array structure has 
�?̅?𝑎,𝜎𝑎�~(100, 25)nm in region 2 and �?̅?𝑏 ,𝜎𝑏�~(150, 25)nm in region 3. A statistical 
analysis of the mean diameter and standard deviation of the NWs in region 2 and region 
3 are provided in the appendix B. The length of the top region is kept fixed at 700nm, 
and the length of the bottom layer is chosen to achieve the same overall length as either 





alumina, to be consistent with the experimental measurements. The modeling details 
are given in appendix B   
 
Figure 4.13 Comparison of numerically determined normalized absorbance for vertically 
aligned InSb BNWs and thin film.  
Figure 4.13 shows the normalized absorbance vs. wavelength calculated from model for 
single layer NW array with uniform diameter (100nm) and thicknesses of 800nm and 
1400nm (solid blue and dashed green, respectively) and for random diameters for single 
layer (RBNW1, solid black line) and bilayer (RBNW2, red dashed line).  The calculated 
normalized absorbance for a spatially uniform thin-film with bulk properties and 
thickness of 800 nm (dotted line) is shown for comparison.  Structures with uniform 
diameters have steep decrease in absorbance, corresponding to cutoff wavelength, 





To decouple the effects of fluctuation in NW length vs. randomness of diameter, a single 
layer,   uniform-diameter (100 nm) NW array (similar to Ref#10) is modeled for two 
different lengths (800nm and 1400nm, solid blue and dashed green curves, 
respectively).  The curves show a relatively sharp cut-off at ~ 1000 nm, well below that 
expected for the bulk thin-film (dotted line) as well those for RBNWs. The fluctuation in 
NW length therefore cannot explain the broadband absorption observed in experiment. 
Next we model the responses of the experimental structures RBNW1 (length=800nm) 
and RBNW2 (length=1400 nm), not as a uniform periodic array, but as structures with 
random diameter distribution in region 2 (for RBNW1), and regions 2 and 3 (for 
RBNW2). Remarkably, the introduction randomness in diameter immediately broadens 
the absorption profile.  For structures of the same length, the random structures exhibit 
significant absorption over much broader band, with a more gradual roll-off in the 
absorption spectrum, in comparison to the uniform array with same length and same 
mean diameter(s). Consistent with experiments in Fig. 4.11, the structure representing 
RBNW2 has a more gradual roll-off (in comparison to that of RBNW1), indicative of the 
two different diameters in the two regions and randomness in both layers. The higher 
absorption is predominantly due to the bottom layer with higher mean diameter of 
NWs, which more efficiently couple the longer wavelengths.  Based on these 
simulations, our experimental results are best explained in terms of the wavelength-
dependent photonic coupling to the randomly-sized nanowires within regions 2 and 3.    
The roll off in A reflects the average diameters and characteristic randomness in the 





observed absorption spectra; even for diameters of 20 nm, the bandgap would be 
expected to broaden by ~100meV (using bulk effective mass for InSb), corresponding to 
a cut-off wavelength of ~4.6µm. 
The close agreement between theory and experiment allows us to establish a 
remarkable feature of the RBNW arrays, namely, the depth specific wavelength 
dependent absorption, see Fig. 4.14. As it will be shown in the following discussion, the 
RBNW arrays have the ability to differentiate the three distinct regions for filtering and 
absorbing UV, VIS, and IR waves in the same structure. This effect arises from the 
geometry of the stacked NW, and not from the electronic properties of the NWs.  
 
Figure 4.14 Numerically determined cumulative normalized absorbance of vertically 
aligned branched InSb NWs. (a) The cumulative normalized absorption profile 𝐴(𝑥, 𝜆) 
showing different wavelengths being absorbed at various depths of the structure; (b) 
the cumulated normalized absorption for 3 separate bands of wavelengths. The shortest 
wavelength band (210-800nm) is absorbed very quickly at smaller depths (x<800nm), 





absorbed relatively weakly within the first 800 nm, and more strongly within the region 
with larger-diameter nanowires (x>800nm). 
To understand the wavelength-dependent absorption in various regions of the stacked 
NW, let us begin with a simple argument. If the individual branches of the RBNW array 
are approximated as isolated, non-interacting waveguides, then the cutoff wavelength 






=   
where d is the diameter of the NW. Assuming, the average refractive index of InSb InSbn
in the  300-1000 nm range is ~4.25, the (λCutoff) for Region 2 (d = 100 nm) is ~850nm, 
while that of Region 3 (d = 150 nm) is ~1275 nm. Incident wavelengths shorter than 
these cutoffs would efficiently couple to the nanowires and be absorbed within the 
respective region. Longer wavelengths would pass through the respective layers, with 
significantly reduced absorption and reflection. Note that the calculated cutoff for 
Region 1 (d = 20 nm) is less than 300 nm, so the nanowires in this region are not 
expected to absorb significantly within the measured wavelength range. In short, the 
wavelength range absorbed within each region can be independently controlled by 
controlling the average diameter (and randomness) within the respective region. While 
such effects can be achieved by employing layers with different bandgaps or through 
electronic size quantization, the effect in this study arises from the structure itself, 





This elementary argument is supported by detailed numerical simulation result in Fig. 
4.14a (for RBNW2). The wavelength-resolved solution shows that nearly 95% of the 
coupled light with  λ < 680nm is absorbed by the top portion (~800nm) of the BNW 
array. Only a small fraction of the longer wavelength photons are absorbed in this 
region. As we move deeper into the structure (region with d ~ 150nm), the normalized 
absorbance exceeds 90% for  λ < 1000 nm, and approaches 80% for λ~1000-1300nm.  If 
the NWs within each region were spatially uniform, sharp cut-off in the absorption 
spectra of UV, VIS, and IR regions of the incident waves could be assigned to unique 
spatial regions. The gradual cut-off (linear decrease of absorption vs. wavelength) in the 
absorption spectrum is caused by the randomness of the diameter distribution. Fig. 
4.14b shows a much simpler picture of this analysis. The normalized absorption is 
subdivided into 3 wavelength bands. As we see λ~201-800nm rapidly reaches high 
normalized absorption (top 800nm of the NW). The longer wavelengths are not strongly 
absorbed in the top 800 nm, but are absorbed in the underlying region, containing 
larger diameter NWs (d ~150nm).  As noted earlier, the wavelength-dependent 
absorption does not arise from size quantization effects.  Therefore, our tailored 
broadband absorption in UV-VIS and the wavelength-dependent absorption in the IR 
region are attributed to structural effects. 
An interesting corollary to the discussion above is that the observed absorbance and 
reflectance properties of such hierarchical structures cannot be reproduced by effective 





wavelength-dependent absorption effects within the various regions are not accurately 
modeled using effective media. In order to achieve low reflectance, typical impedance 
matching approaches based on effective media approximations would employ a 
structure with a monotonic change in the volume fraction from air to the dielectric 
medium (InSb), corresponding to a gradual change in the refractive index. In the case of 
the RBNW arrays, the volume filling fractions inferred from SEM imaging (~19.6%, 
~16.2% and ~9.1% in the top, intermediate and bottom regions, respectively) decrease 
with increasing depth, indicating that the lower reflectance compared to bulk InSb does 
not arise from this impedance matching. The low reflectance of our RBNW arrays 
compared to bulk InSb is attributed to the photonic coupling and random size 
distributions within the arrays. 
Conclusions: A hierarchical InSb RBNW array was developed and the reflectance and 
absorbance spectra were measured.  A very low broadband reflectance with near unity 
normalized absorbance in UV-VIS range and a wavelength selective absorbance in the 
NIR range were exhibited.  A model considering the diameter-dependent photonic 
coupling and random distribution of diameters has been used to analyze structures 
representing the various RBNW samples.  The low reflectance and wavelength-
dependent absorbance are both explained in terms of cut-off frequencies for photonic 
coupling into the nanowires in a given region (specific diameter).  The randomness in 
the structure broadens the absorption spectra, and can in principle be used to achieve 
tailored photonic properties, including specific absorbance profiles.  This ability to tailor 





enable novel future optoelectronics devices, including wavelength-selective IR 
detectors/imagers and photovoltaic devices.  
4.5 Proposal for wavelength dependent IR detector 
In a photodetector, the light absorption (hν ≥ Eg) characterized by electron-hole pair 
generation is converted to an electrical signal typically across a junction, such as a pn 
junction photodiode or a p-i-n junction photodiode. In NWs, radial NW heterostructure 
(e.g., a p-i-n structure) or a core/shell structure offers opportunity for charge extraction. 
In this case, the n- and p-type active materials are typically incorporated radially or as 
core and shell that enables carrier collection at the electrodes. In case of a thin film solar 
cell, an e-h pair generated deep within the material has to travel all the way to the 
junction without recombining. However, the direction of the light absorption and the 
direction of carrier separation and collection can be decoupled in a NW radial junction 
photodetector. So even if the minority carrier diffusion length is shorter than the 
absorption depth in a NW structure, by appropriate length and diameter of the wires as 
well as proper electrode design one can have efficient design of a BNW array device. 
Following schematic diagram shows a proposal for an IR detector fabrication based on 
InSb BNW arrays. The proposed structure will have the top and middle branches 
revealed to air and therefore will be exposed directly to the electromagnetic radiation. 
Based on our current studies, these exposed regions of BNW array will absorb all the 







Figure 4.15 An IR detector design based on InSb BNW array structure 
 
The next p-type layer will be designed in such a way that the pn junction will be far from 
the ‘branch portion’ of the array [i.e., the top and middle branch regions]. This will 
enable the photogenerated e-h pairs at these two regions to recombine somewhere 
along the way before reaching the pn junction. However the trunk portion of the array 
which will eventually get the filtered IR radiations will enable to generate the e-h pairs 
and the charge carriers could be able to be separated immediately at the respective pn 
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Graphene – a single atom thick sheet of carbon atom, owing to its linear band structure, 
has demonstrated unprecedented physical properties in recent years giving rise to a 
number of applications. This chapter discusses some of the relevant physical properties 
of large scale graphene. Although from time to time important properties of graphene 
pertaining to micro-mechanically exfoliated graphene are stated during the discussion in 
this and following chapter, it is believed to hold also for large scale graphene usually 
grown by Chemical Vapor Deposition (CVD) method. However, it is the goal of this 
chapter to focus the electrical resistivity and optical transmittance intrinsic to large scale 
CVD graphene for practical applications. Grain and grain boundaries which are the 
bottleneck for graphene’s sheet resistance will be discussed here. A percolation model 
was developed to fit electrical transport measurement data to extract information 
about the grain boundaries in a large scale CVD graphene.   
Part of the work presented in chapter 5 has been published by the author in the Device 
Research Conference Proceeding: “Exclusive Electrical Determination of High-Resistance 






5.1 Exfoliated vs. CVD grown graphene 
The discovery of single layer graphene using mechanical exfoliation from highly oriented 
pyrolytic graphite (HOPG) was the first demonstration of truly 2D material [1-4]. Many 
interesting and unusual properties which are not seen in conventional semiconductors 
such as high conductivity, high optically transparency, high thermally conductance, high 
mechanical strength, high mechanical flexibility etc. were realized in graphene [5-9]. In 
successive reports, possibility of graphene to be used in number of applications such as 
field effect transistors, transparent conductors, sensor has emerged [10, 9, 11, 12]. 
Following figure shows a field effect transistor design from a mechanically exfoliated 
graphene flake from graphite crystal. While, high crystal quality and electronic 
properties such as highest field effect mobility in an exfoliated graphene have been 
demonstrated [13-15], the typical micron scale size of exfoliated graphene flake as well 
as the randomness of their placement on a silicon wafer limits its use for large scale 






Figure 5.1 Mechanical exfoliation of graphene from graphite (HOPG) crystal and a typical 
back-gated graphene field effect transistor (GFET) device [left side images taken from 
ACS.org; right side image is from author’s own work] 
The breakthrough of large scale graphene growth on copper foil as well as nickel 
following chemical vapor deposition (CVD) method along with its superior electrical and 
optical properties gave the first opportunity to use graphene as transparent electrodes 
[16-20]. Numerous efforts have been since made to use CVD graphene for transparent 
and flexible applications. While, the optical transparency in CVD graphene is not much 
different from the exfoliated one [21], the real bottleneck of CVD graphene to be used 
as a transparent conductor superior to the ITO (Indium Tin Oxide) is its electrical 





100 Ω/  whereas a best quality CVD graphene (either single or multi-layer) has sheet 
resistance of 280 Ω/  - 2kΩ/  [5, 17]. This has motivated researchers to manipulate 
graphene grains and grain boundaries to improve its electrical conductivity while not 
sacrificing much of its optical transmittance [21-24]. The present chapter overviews the 
grain and grain boundaries commonly found in CVD graphene. Using exclusive electrical 
measurement and percolation model a method is described to estimate the percentage 
of ‘high-resistance’ grain boundaries in CVD graphene. 
5.2 Grain and grain boundaries in CVD graphene 
Graphene was first grown via CVD growth method using Ni surface as the catalyst; 
however, due to limited carbon adsorption the process was not very successful to grow 
large scale single layer graphene [25, 5, 26]. On the other hand, due to a surface 
catalyzed process of carbon and low solubility of carbon in copper surface Li et al 
showed for the first time a large scale CVD graphene on copper foil. Although typically a 
CVD graphene on copper is accompanied by many wrinkles mainly due to presence of 
copper surface steps and quality of foil, those are completely unavoidable. Even more 
seriously, CVD graphene is always microscopically accompanied by enclosed atomic 
defect chains/lines of carbon atoms – called ‘grain boundaries’ and the enclosed lattice 
within grain boundaries called ‘grains’. Following figure shows the presence of grains 
and grain boundaries in a typical single layer graphene sheet taken by using a high 
resolution transmission electron microscope experiment. Using high resolution TEM 





first shown by Hashimoto et al. [27], however, it is until recently there is an increased 
interest worldwide in studying more detail structure of graphene grains and grain 
boundaries.  
5.3 Raman spectrum of graphene 
Raman spectroscopy is one of the few experimental tools that demonstrate Graphene’s 
unique electronic structure (linear dispersion between energy and wave vector) [28-30]. 
Also Raman spectroscopy is widely used to identify the number of atomic layers present 
in the sample, types of stacking in a multilayer graphene as well as their interactions 
with change in the experimental conditions such as temperature, electric field etc. 
 
Figure 5.2 Dark field transmission electron microscope image (DF-TEM) of a CVD 






Therefore, this technique is suitable to identify and characterize grains and grain 
boundaries in graphene. The most prominent peaks of pure graphene (any layer) are the 
‘G’ peak at ~1580 cm-1 and ‘2D’ peak at ~2700 cm-1. Another peak often appears at 
~1355 cm-1 whose intensity is usually inversely proportional to the crystallite size 
(quality of crystal) caused by a breakdown of k-selection rule in graphene lattice. We will 
see that, this is the peak that one monitors for identifying the grain boundary in a CVD 
graphene.  
5.4 Experimental: Graphene transfer and grain/grain-boundary studies 
Commercial as well as in-house CVD SLG samples (commercial from ACS Co., MA) grown 
on copper foil were transferred onto 1cm x1cm quartz substrate (0.5mm thickness), as 
shown in the figure below [similar to one following in ref# 16 and 17]. 
 
Figure 5.3 Overview of CVD graphene transfer process using wet-chemical method 
The following figure shows the FESEM images of graphene grains present in a single 





number of characterization techniques were used to investigate the graphene grains 
and grain-boundaries. This was particularly important for the development of 
percolation-doped transparent conducting electrode involving poly-graphene and silver 
nanowire network (chapter 6).  
 
Figure 5.4 FESEM image of a single layer graphene showing grains of average size ~ 1µm 
The Raman spectrum was taken using a Raman spectrometer (Horiba Jobin Yvon Model 
Xplora with a confocal microscope and motorized sample stage) in a back-scattered 
geometry with a CCD detector and 532nm excitation source. The laser spot size was 
~0.6μm with a 100x objective lens with numerical aperture (NA) of 0.9. The spectral 
resolution was 2.5cm-1 (corresponding to grating with 1,200 grooves per mm), and each 
spectrum was averaged over three acquisitions of 5 sec each. A minimum power was set 
for the measurements with 10sec acquisition time to avoid any laser induced heating. 






Figure 5.5 Optical images of CVD graphene growth showing the emergence of isolated 
and overlapping grains. The corresponding Raman spectra of CVD graphene are shown 
inside the grain and along the grain boundary. Note the appearance of D peak in the 
latter case. 
In order to see the effect of grain boundaries on the Raman spectrum of a CVD 
graphene, a plycrystalline CVD film consisting of single layer graphene was grown in 
such a way that the grains were apparently visible. By merely controlling the growth 
time in a CVD chamber a film with partial coverage with graphene grains and 





side of the substrate was etched away by using oxygen plasma etching for 5 seconds. 
The plasma power was 100 Watt, the chamber pressure was kept at 50mtorr and the 
flow rate was 50sccm. Then standard layer transfer technique was followed to etch 
copper and transfer graphene to a Si/SiO2 (300nm) substrate. It can be seen by 
comparing the Raman spectrum of graphene grain as well as spectrum on the grain 
boundary that both of them primarily represent single layer graphene characterized by 
sharp, symmetrical G and 2D peaks and higher intensity 2D peak than the intensity of G 
peak. However, the spectrum taken within the grain is having a clear background 
whereas the one taken along the grain boundary is marked by D peak. This D peak 
comes from the translational symmetry breaking of long range hexagonal lattice of 
carbon atoms and is a characteristic feature of the grain boundaries commonly found in 
CVD graphene. 
5.5 GBs as the electrical transport bottleneck 
Although single layer graphene (SLG), with high optical transparency and electrical 
conductivity has great potential to be used as flexible transparent electrode in 
photovoltaics, photo detectors, and flat panel displays and while its optical 
transmittance exceeds 95% (significantly better than most traditional materials), its 
sheet resistance (ρpoly-G) must be reduced below 10-20Ω/ . However, as we discussed in 
previous section, large scale CVD SLG is typically polycrystalline, consisting of many 
grains, with neighboring grains separated by high- and low-resistance grain boundaries 





electronic transport gap – i.e., high resistance grain boundary and low resistance grain-
boundary. 
 
Figure 5.6 The schematic diagram of poly-graphene to interpret its resistance as a 
percolation problem 
Fig. 5.6 shows the resistance of poly-graphene as a percolation problem defined by high 
and low resistance grain boundaries (GBs). These GBs are shown by red and blue line. 
High and low resistance GBs are shown by red and blue line, respectively. In the left 
picture, IA and IC are blocked; But IB is stronger due to smaller Rgrain. But when 
temperature increase, the (RGB/Rgrain) ratio decrease, more currents can pass through 
the GB barrier. Therefore in the right picture, IB becomes less strong but there is a weak 
IC passing through. 
The HGBs severely limit the (percolating) electronic transport, so that ρpoly-G> 1000Ω/ . 





improve transport in polycrystalline SLG. While the macroscopic features of grains and 
GB have been mapped by variety of techniques [31], they cannot distinguish between 
LGB and HGB. Microscopic measurement of inter-GB electronic transport offers insight 
regarding individual HGB [32], but cannot estimate fraction of HGB in a large scale SLG 
that contains thousands of GBs [33]. In this chapter, we combine systematic electrical 
measurement of Rpoly-G (L, T) and sophisticated theoretical model [33] to determine the 
HGB in SLG films. L and T represent the channel length of our two terminal devices and 
the temperature respectively.  Optical transmission of the SLG sample is also presented. 
Circular TLM photo mask with 4 different channel spacings (L) was used to pattern the 
structure and a metal trilayer (Ti/Pd/Au of 1nm/30nm/20nm) was e-beam evaporated 
for the electrodes fabrication. Fig. 5.7 shows the top view of devices with an optical 
microscope. The resistance of each device was measured at T=300K, 333K, 367K and 
400K, and plotted in Fig.5.8. The ρpoly-G was calculated from the median value of Rpoly-G (L, 
T) , corrected for the shape factor [34]: ( )1 1 1/ *ln[ / ]C R s R s R= + , where s is the spacing of 
channel between inner and outer rings, R1 is the radius of inner circle. The sheet 






Figure 5.7 Top view of four types of circular TLM electrodes is shown. The golden part is 
electrode & darker regions are SLG channel on quartz 
 
Figure 5.8 Measured temperature-dependence of resistance for circular electrode 
structures with four different spacing 
As shown in Figure 5.9, at room temperature, the sheet resistance is 1225Ω/ , much 



























Figure 5.9 Resistance plotted versus channel spacing before (circle) and after (star) 
applying correction factors for circular structures. A sheet resistance of 1225Ω/  is 
obtained from linear fit 
The temperature-dependence of Rpoly-G (L, T) allows us to determine the fraction of HGB, 
as follows: As shown in Fig. 5.6, when T increases, the RGB/Rgrain ratio decreases (Rgrain is 
the sheet resistance of grain), thus a larger fraction of the current can pass through the 
HGB (the overall current is reduced due to the increased Rgrain). We analyzed the T-
dependence of sheet resistance by a well-calibrated voronoi percolation model, where 
each grain is represented by only one node, with four resistors connected to the 
neighbor, see Fig. 5.10.  A high-resistance GB is characterized by RGB(hi) < Rgrain and a low-
resistance GB by RGB(lo) ≡ Rgrain, and  RGB(hi) ~ 60RGB(lo) at room temperature. For 
temperature dependence, it is assumed that GB resistance is insensitive to temperature 

























resistance is proportional to T5 [37]. Fig. 5.10 shows the sheet resistance (RS) of poly-
graphene samples normalized by RS at 300K vs. temperature with respect to the 
percentage of high resistance GBs (PGB).   
 
Figure 5.10 Measured sheet resistance (Rs) of poly-graphene samples versus 
temperature (normailized by RS at 300K). Calculated curves are shown for various 
percentages of high resistance GBs (PGB).  It can be seen that a computed result with PGB 
between 40% and 50% is in a good agreement with measured data 
5.6 Optical transmittance of commercial (ACS Co., MA) CVD graphene 
In order to confirm the optical transparency of the same SLG film (from ACS Co.) a 
sample was transferred on to a quartz substrate using wet-chemical etching mentioned 
before and the optical transmittance was measured using a UV/VIS/NIR spectrometer 
and the following figure (Fig. 5.11) shows the transparency of SLG. This result agrees 




























Figure 5.11 Optical transmittance spectrum of SLG in VIS-NIR region 
5.7 Conclusions 
Although the grain size can be manipulated in a typical CVD grown graphene, large scale 
CVD SLG is always associated with enormous number of grains and grain boundaries. 
GBs although do not affect the optical properties but seriously affect the electrical 
properties. Using exclusive electrical measurement and percolation model a method is 
described to estimate the percentage of ‘high-resistance’ GBs. As an example, in a 
commercial CVD SLG, it is shown that a computed result with PGB between 40% and 50% 
offers a good match with measured data (percolation threshold ~ 66%), explaining why 
the film is so resistive (> 1000Ω/ ). The results confirm that the measurement of Rpoly-G 
(L, T), when interpreted by percolation model, provides a robust methodology to 
determine the percentage of high-resistance grain-boundaries in arbitrary poly-
graphene samples.  
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CHAPTER 6.   CO-PERCOLATION ELECTRONIC TRANSPORT IN HYBRID 




Part of the work presented in chapter 6 has been published by the author in Advance 
Functional Materials: “Co-Percolating Graphene-Wrapped Silver Nanowire Network for 
High Performance, Highly stable, Transparent Conducting Electrodes”, Adv. Funct. Mater. 
2013, DOI: 10.1002/adfm.20130012     
Motivation: Transparent conducting electrodes (TCEs) require high transparency and 
low sheet resistance for applications in photovoltaics, photodetectors, flat panel 
displays, touch screen devices and imagers. Indium tin oxide (ITO), or other transparent 
conductive oxides, have typically been used, and provide a baseline sheet resistance (RS) 
vs. transparency (T) relationship [1-3].  However, ITO is relatively expensive (due to 
limited abundance of Indium), brittle, unstable, and inflexible; moreover, ITO 
transparency drops rapidly for wavelengths above 1000nm. Motivated by a need for 
transparent conductors with comparable (or better) RS at a given T, as well as flexible 
structures, several alternative material systems have been investigated. Single-layer 
graphene (SLG) or few-layer graphene provides sufficiently high transparency (~ 97% per 





 including chemical vapor deposition (CVD), typically yield films with relatively high 
sheet resistance (RS) due to small grain sizes and high-resistance grain boundaries 
(HGBs). This chapter reports a hybrid structure employing a CVD SLG film and a network 
of silver nanowires (AgNWs) in which RS as low as 22 Ω/  (stabilized to 13 Ω/  after 
several months) have been observed at high transparency (88% at λ = 550nm) in hybrid 
structures employing relatively low-cost commercial graphene with a starting RS of 770 
Ω/ .  
6.1 Background 
Networks of silver nanowires (AgNWs nanonet) and single-wall carbon nanotubes 
(SWCNTs nanonet) have been investigated as potential replacements for ITO [4-6]. For 
NW or CNT densities corresponding to 85-95% T, conduction in these networks is 
typically dominated by percolation through junctions with relative large tube-tube/NW-
NW contact resistance (RNW-NW), resulting in a rapid increase in RS (kΩ/  -GΩ/  
depending on the NW/NT) as T increases [7-9, 4]. Approaches involving welding of the 
nanowires, thermal annealing under pressure, or electroplating decrease RS by 
improving RNW-NW, but it has been challenging to reduce overall RS below ~30 Ω/ , 
especially for broad-band T at 90% [10, 11, 4, 12, 13]. Moreover, micron-sized holes 
within the network add series resistance to devices that rely on vertical current 
transport such as LEDs and solar cells. Composite TCEs employing silver NWs with 
another conducting polymer such as PEDOT:PSS and a combination of TiO2 





of 12 Ω/  at average T of 86% over wavelengths 350-800 nm and 15 Ω/  at T550nm of 83% 
respectively [14,15]. The conducting polymer and TiO2 nanoparticle primarily reduce the 
tube- tube contact resistance. In this study, a CVD SLG film and a network of silver 
nanowires (AgNWs) were used to fabricate a hybrid/composite structure that was 
enabled to deliver RS as low as 22 Ω/  (even the sheet resistance remains unchanged 
after storing a year) at high transparency (88% at λ = 550nm). A relatively low-cost 
commercial CVD graphene was used in this study that had a starting RS of 770 Ω/ . This 
sheet resistance is superior to typical reported values for ITO, comparable to the best 
reported TCEs employing graphene and/or random nanowire networks, and the film 
properties exhibit impressive stability under mechanical pressure, mechanical bending 
and over time. The design is inspired by the theory of a co-percolating network where 
conduction bottlenecks of a 2D film (e.g., SLG, MoS2) are circumvented by a 1D network 
(e.g., AgNWs, CNTs) and vice versa. The development of these high-performance hybrid 
structures provides a route towards robust, scalable and low-cost approaches for 






6.2 Graphene grains, grain boundaries & Hybrid structure 
Graphene, including single layer (SLG) and few-layer (FLG), has also been studied as a 
transparent conductor. ‘Single-crystal’ graphene, such as that obtained by exfoliation 
from highly ordered pyrolytic graphite (HOPG) crystals, exhibits several interesting 
physical phenomena, including an RS lower than ITO at a given optical transparency [16-
21]. However, the exfoliated approach yields samples that are too small for practical 
applications.  Large-area, polycrystalline, SLG sheets can be achieved by chemical-vapor 
deposition (CVD), typically involving growth on copper foil and subsequent transfer to 
an arbitrary substrate, with grain sizes typically ranging from a few microns to a few tens 
of microns, depending on the specific growth conditions [22-27]. There is an increasing 
effort to fundamentally understand the structure of graphene grain-boundaries (GBs) 
and the impact of GBs on mechanical strength as well as electronic transport [25, 28-32, 
26-27]. Earlier, a classification of GBs was made broadly into two categories, namely 
high resistance grain-boundaries (HGBs) and low resistance grain-boundaries (LGBs), 
consistent with the transport gaps and high transmission proposed by Yazyev and Louie 
[31-32]. As illustrated in Figure 6.1 (see Figure 6.1(B)), both HGBs and LGBs contribute to 
the resistance in a SLG film. The HGBs severely limit the (percolating) electronic 
transport, as indicated by best reported RS of ~ 250-700 Ω/  (and 2-6 kΩ/  for each 
layer in typical SLG/FLG). In typical CVD graphene grown on copper with average grain 
size of ~1µm, we have recently estimated the percentage of HGBs by using percolation 





(CTLM) devices [32, 33]. A number of groups have proposed methods or reported initial 
experimental results for improving the transport properties by GB engineering or doping 
[26, 32, 34, 35]. CVD grown under high methane flow rate provides very uniform 
coverage over the copper foil and better inter-domain stitching, allowing control of RS 
[26]. While the inter-grain four-terminal RS changes between ~3-9kΩ as the carrier 
density is modulated, the intra-grain resistance scales up by a constant factor of 1.4 for 
the same modulation in carrier density, indicating scattering by GBs even for best 
quality poly-SLG. The most impressive result prior to the present work involved large 
scale CVD graphene by roll-to-roll production, in which the as-grown SLG RS (~ 250 Ω/ ) 
was reduced to ~ 125 Ω/  by wet-chemical doping, and four layers were stacked to 
provide 30 Ω/  at 90% transparency and at 550nm (T550nm~90%) [36]. Note that the 
chemical doping decreases RS only by a factor of 2, because while conductivity of 
individual grain is enhanced, the percolating resistance is still dominated by the HGBs 
(Figure 6.1(B)). With this insight, a notion of ‘percolation-doping’ was previously 
explored [32], where the RS of graphene network is reduced not by increasing carrier 
density (as in chemical doping), but by opening up new conduction channels by bridging 
the HGBs with nanowires or nanotubes. Although most of the experiments based on 
solution-processed hybrid graphene/NW systems have not achieved RS / T relationships 
predicted by the theory [32], nor performance comparable to that of ITO, a recent 
report by Kholmanov et. al. has been encouraging [35]: It achieved a RS of 64 Ω/  (24 





experiment employed high quality graphene with relatively large grains (grain size ~10-
12 µm), and a NW density below the percolation limit. For these parameters, the 
improved RS (with respect to that of SLG) can be attributed to percolation doping. In this 
work a hybrid graphene/AgNW nanonet TCE is demonstrated with a measured RS of 
22Ω/  for broad-band T above 88% with a single layer of graphene (stabilized to 13 Ω/  
after months).  
 
Figure 6.1 (A) Representative result of sheet resistance vs. transmittance at 550nm 
including typical ITO along with the results from the current study. (B)-(C) Electronic 
transport across grain boundaries in CVD SLG and hybrid SLG-AgNW network 
respectively. 
Figure 6.1 (A) shows optical transmittance at wavelength of 550nm (T@550nm) vs. 
sheet resistance (RS) for (i) previous experimental reports, including  networks of carbon 
nanotubes (“CNT”)[9], networks of silver nanowires (“AgNW Network” and “Welded 
AgNWs”)[4,10] and ITO and (ii) measured results from this study, including CVD-grown, 














































single-layer polycrystalline graphene (“SLG”), graphene/NW hybrid structures (“Hybrid 1” 
& “Hybrid 2”, as described in text) with various NW densities and AgNW networks with 
same nominal nanowire densities (inset). Data from Hybrid 2 samples following 4 
months of exposure to ambient conditions are also shown (red stars with blue centers).  
The dashed lines serve as the guide to the eye. For all devices from the current study, 
the diffusive transmittance at 550 nm is reported.  B. & C. illustrate the transport across 
grain boundaries (GBs) in CVD SLG and hybrid SLG AgNW networks, respectively.  Low-
resistance grain boundaries (LGBs, blue lines) and high-resistance grain boundaries 
(HGBs, red lines) are shown.  The HGBs dominate the resistance in SLG. In hybrid 
structures with appropriate densities of AgNWs, the NWs bridge the HGBs, providing a 
percolating transport path for the electrons and therefore lowering the sheet resistance. 
The hybrid structure is shown schematically in Figure 6.1(C) & Figure 6.3(B) inset. The 
experiment employs commercial SLG (grain-size of ~ 1 μm) with no further 
doping/purification/stacking.  With this grain size, percolation doping (with a sub-
percolation NW array) would not be expected to result in low RS values.  However, by 
using a NW network operating above the percolation limit, low RS values can be 
obtained via co-percolating conduction, in which each sub-network (NW network and 
SLG) helps circumvent the transport bottleneck of the other. Consistent with this model, 
the overall RS of the hybrid film is significantly smaller than the parallel combination of 
the two components (SLG and AgNW network).  It is shown that the traditional 
approach of decorating graphene by NW (Hybrid 1) is not effective; the key to achieving 





In this case, more intimate contact is achieved between the graphene and NW as well as 
at the junctions between NWs. The optical transmittance can be explained in terms of 
additive absorption in the various layers. Stable electrical and optical properties of these 
co-percolating networks were observed even after prolonged exposure to ambient 
conditions. Hybrid 2 and grapheme films were also fabricated on flexible substrates; the 
measured resistances of the Hybrid2 films were stable over a range of bend radii down 
to 8.3 mm. The Hybrid films consisted of two components: AgNW films and SLG. Using a 
standard transfer recipe [22-23], commercial CVD graphene grown on copper foil 
(nominally SLG and with an average grain size ~1µm, ACS Co., MA) was transferred onto 
a 1 cm x 1 cm quartz substrate (either before or after AgNW deposition). Hybrid films 
with two distinct configurations were fabricated corresponding to two schematics in 
Figure 6.3: Figure 6.3(A) inset shows ‘Hybrid 1’, in which the SLG was transferred to the 
substrate first, (AgNWs above SLG) and Figure 6.3(B) inset depicts ‘Hybrid 2’, in which 
the AgNW network is deposited first (AgNWs beneath SLG) [see section 6.9 and 
appendix C]. The NW networks and hybrid films contained NWs with average diameter 
of DNW~90nm and average length of LNW~40 µm and average areal densities of 
approximately 2x106 cm-2, 2.8x106 cm-2, 3.6x106 cm-2, and 4.8x106 cm-2, hereafter 
denoted as D1, D2, D3 and D4, respectively [see section 6.9 and appendix C]. Classical 
percolation theory of random sticks suggests that the percolation threshold is given by 
NC=4.232/πLNW=3.6x105 cm-2 [37]. Although the network densities used in our 





network remains high (>1KΩ/  , see inset of Figure 6.1(A)), reflecting poor NW-NW 
contact typical of such networks [4]. Before investigating the hybrid films, the 
crystallographic nature and average grain-size of the SLG was studied after transfer to 
the quartz substrate using Raman spectroscopy and high resolution transmission 
electron microscopy (HRTEM) [27, 38-42]. Figure 6.2(A) shows the spectroscopic Raman 
mapping of CVD graphene, i.e. the spatial variation of the intensity ratios of Raman D 
peak (~1350 cm-1) to Raman G peak (~1580 cm-1) (ID/IG) [27]. The D peak corresponds to 
the breathing mode of sp2 hexagonal carbon but only gets activated by a defect with the 
help of a double resonance in the inter-valley scattering [41]. The G peak corresponds to 
the E2g mode at the zone center of the Brillouin zone for graphitic carbon. Therefore, 
ID/IG can be used to map the grains and grain-boundaries [27], as the grain boundaries 
are regions of high defect density compared to the regions within a grain. As can be 
seen from Figure 6.2(A), the average grain size of our SLG is ~1µm. In this mapping 
experiment, most of the data points showed 2D peak intensity approximately twice that 
of the G peak; with a Lorentzian line shape, indicating that the CVD graphene is mostly 
SLG throughout the film. The scale bar represents (ID/IG) intensity ratio, with low defect 
density (blue) representing the grains and the high defect density (green/red) 
representing the grain boundaries. Figure 6.2(B) shows a dark-field TEM (DF-TEM) image 
(see section 6.9 and appendix C). The DF-TEM image at the specific spot on CVD 
graphene shows moiré fringes coming from the interference pattern of nearly 





forms the diffraction pattern shown, indicating an average overlapping grain size of 
~600-800 nm.   The corresponding selective area electron diffraction (SAED) image 
(inset) shows hexagonal symmetry.  
 
Figure 6.2 (A) Raman Spectroscopic mapping of region within SLG film.  (B) High 
resolution transmission electron microscopy (HRTEM) image in dark field mode. Inset 
shows corresponding selected area electron diffraction (SAED) pattern obtained from 
graphene grains.  
Within the CTLM structure, field-emission scanning electron microscopy (FESEM) images 
and the schematic representations of the two types of hybrid films are shown in Figure 
6.3(A) and Figure 6.3(B) and their insets, respectively (Hybrid 1 and Hybrid 2, 
respectively). In each of the FESEM images, a portion of a representative circular 
transfer length measurement (CTLM) device is shown; showing the metal electrodes 
(central and outer regions) and the hybrid structure between the electrodes. The FESEM 





hybrids are significantly different in terms of the Graphene-NW and NW-NW interfaces. 
For Hybrid 1, the graphene is nominally in contact with the quartz substrate, but the 
NWs within the array are not in intimate contact with the graphene (nor with each 
other) over their entire lengths due to the quasi-3D stacking of the NW.  For Hybrid 2, 
the quasi-3D stacking also exists in the NW network prior to SLG transfer.  Following 
transfer and annealing, however, (see experimental), the graphene wraps the NWs 
conformally, as observed in the magnified FESEM images [Figure 6.3(D)], resulting in 
more intimate NW to graphene contact.  The force exerted by the graphene appears to 
compress the NW network into a more planar structure, thereby reducing RNW-NW. The 
graphene/NW interface in the Hybrid 2 structure was also imaged by HRTEM (see 
appendix C). Figure 6.3(C) shows the HR-TEM image of hybrid 2 film showing SLG-AgNW 
interface and wrapping of SLG over NW surface.  The NW parallel lattice planes below 
SLG as well as the hexagonal symmetry lattice points in the reciprocal space of SLG 
indicates intimate contact and wrapping of SLG over NW surface.   
6.3 Electrical measurements on CTLM devices 
For the SLG, AgNWs network and hybrid films, the RS were measured using the CTLM 











Here, ‘s’ is the channel length (spacing between contacts), ‘LT’ the transfer length  and 
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Figure 6.3 (A) – (B) FESEM images and corresponding schematics (insets) of Hybrid 1 and 





(beneath SLG) and nearby SLG region. The silver lattice planes can be clearly seen 
underneath the transparent SLG. (D) Magnified view of FESEM image for hybrid 2 
showing the wrapping of underlying AgNWs by SLG. (E) A resistor network model for 
graphene-AgNWs co-percolating system.  
Several devices were measured for each channel length.  Following shape correction, 
the corrected resistance ‘Rt’ is defined as: 
/ .t mR R C=          
The RS is therefore obtained by fitting a straight line to the Rt versus s relationship, 
shown for SLG, Hybrid 1, and Hybrid 2 films in Figure 6.4(A),  using:   
( ) 1/ [2 ]s tR R s Rπ= ∆ ∆ ×  
where, ΔRt/Δs is the slope and LT is the half the ‘x-intercept’ of the Rt vs. s plot. 
FIG. 6.4 (A) below shows total resistance (after correction for circular geometry) versus 
channel spacing for SLG, Hybrid 1 and Hybrid 2 films. Circular-TLM contact structures 
with four different channel spacings are shown in inset. FIG. 6.4 (B) shows measured 
sheet resistance as a function of AgNW density for various samples (same legend as Fig. 
6.1).   The parallel combination of measured resistances for AgNW network and SLG 
(labeled SLG//AgNW) is also shown for comparison. The observation of sheet 
resistances in the hybrid samples which are significantly lower than this parallel 
combination are consistent with the model in which bridges (NW-graphene contact 









Figure 6.4 Electrical transport measurements of SLG, Hybrid 1, and Hybrid 2 samples 
FIG. 6.4 (C) shows the simulation results of the SLG resistance vs. channel length using 
one-node model[32] with PGB = 67%. FIG. 6.4 (D) shows the simulation result of sheet 
resistance of Hybrid 1 and Hybrid 2 films using approach described in the following 
section and shows very good agreement with experimental data. 
The extracted RS versus AgNW density for the hybrid films, AgNW network, and SLG are 





independent of NW density. The RS ~770 Ω/  at T550nm~97% (see Figure 6.1(A)) is typical 
for relatively inexpensive, commercially available SLG, but 3x higher than best reported 
values [33, 36]. In all other samples, the RS decreases monotonically with increasing NW 
density, as expected. Hybrid 2 shows the lowest overall RS, with RS decreasing from 44-
19Ω/  as the NW density is increased: At 90% transmission, RS ~ 24 Ω/  for Hybrid 2 
and RS~333 Ω/  for Hybrid 1. Figure 6.4(B) also contains a RS value calculated from the 
parallel combination of the individual components (SLG  Ag NW):   Both types of 
hybrid films have RS lower than this parallel combination of components, indicating 
conduction in the hybrid films cannot be described simply by the parallel combination of 
two independent conduction paths, but rather must be understood as co-percolating 
transport problem. 
The low RS of Hybrid 2 films can be understood by using an equivalent resistance circuit 
diagram shown in Figure 6.3(E) to qualitatively model conduction through the 2-layer 
system.  Figure 6.3(E) shows the schematic diagram of several graphene grains 
separated by HGBs and LGBs, and the underneath AgNWs bridges various grain 
boundaries with a possible NW-NW contact region. Within the SLG film, the resistances 
of grain boundaries (RHGB and RLGB for HGBs and LGBs, respectively) dominate the RS.  
Within the NW network only, the RS is dominated by RNW-NW, which will vary with 
contact geometry and external pressure, but is typically much larger than the resistance 
through an individual NW (RNW).  In the hybrid films, the two layers are coupled by a 





arrows in the see appendix C. A detailed theoretical analysis of this co-percolation 
problem is discussed later.  
6.4 Optical measurements 
 
Figure 6.5 (A) Image of quartz substrates containing SLG and Hybrid 2 films (indicated 
NW densities), showing high transparency (Purdue University logo is kept behind the 
samples); (B) Measured diffusive transmittance spectra for SLG, Hybrid 2 films and ITO; 
(C) Measured and simulated transmittance spectra for AgNW networks with same 
AgNW densities as used in the Hybrid 2 films.  
The simulation is carried out for an ensemble of randomly distributed AgNWs. 
Absorption resonances (see appendix C) in periodic NW grid disappear in random 





hybrid films are relatively high, and decreases monotonically as the NW density is 
increased from D1-D4.   For reference, the corresponding RS values are stated.  The 
optical transmittance spectra of SLG and hybrid films (on unpatterned quartz substrates), 
were measured at normal incidence in specular and diffusive mode (experimental and 
supporting information S5). The measured spectra were corrected with transmittance of 
a bare quartz substrate. 
As shown in Figure 6.5(B), our SLG film shows T550nm ~ 97% and T almost independent of 
wavelength.  This is consistent with reported optical absorption of 2.3% per layer of 
graphene [21]. Below 500nm, the roll-off in absorption is sometimes attributed to 
hydrocarbon contamination or a surface plasmon tail broadened by the contamination. 
Figure 6.5(B) also shows the measured T for various Hybrid 2 films for NW densities of 
D1, D2, D3, and D4: the T550nm (averaged over five different locations) decreases almost 
linearly (97%, 92.6%, 90%, 87.3% and 85.1%) with NW density. Within a given sample, 
point-to-point variations are small (<1% typically), indicating relatively uniform densities 
of NWs throughout a sample. These T550nm values for the respective samples are utilized 
in Figure 6.1(A). For our hybrid films, the diffusive T is slightly higher than the specular T 
and this difference increases with increasing NW density (see section 6.9 and appendix C) 
– a desirable feature for TCEs for optoelectronic and photovoltaic devices [47]. Finally, 
for comparison, the T of an ITO film is also plotted in Figure 6.5(B), indicating inferior 
transmission and well-known roll-off at higher wavelengths.  
To understand the relative contributions to T for SLG and NW-network, the measured T 





hybrid structures (but without SLG) is shown in Figure 6.5(C). For comparison, the curve 
for SLG is repeated in this figure. By comparing Figure 6.5(B) & (C), one can see that the 
overall transmittance of the hybrid is approximately equal to the product of respective 
transmittances of the two layers, i.e. THybrid = TSLG*TNW-network. The measured TNW-network is 
consistent with prior studies of random silver NW networks [4, 48]. 
The numerical solution of 3D Maxwell’s equation through a randomly distributed AgNW 
with densities D1-D4 (LNW=40 µm and DNW= 90nm) interprets, with no fitting parameters, 
three distinctive features of TNW-network as follows. First, the dip in T for 350nm<λ<400nm 
can be attributed to the local surface plasmon resonance (LSPR) of silver [47]. Second, 
the smoothness of T for λ>600nm reflects averaging of random phases associated with 
the disordered network (see section 6.9 and appendix C). Finally, the empirically 
observed linear decrease in T with NW densities (solid line, Figure 6.5(C)) is reproduced 
quantitatively in the simulation (dashed line, Figure 6.5(C)) – clearly establishing a trade-
off between percolation doping and optical transmission.   
6.5 Mechanical and chemical stability test 
Several thermal/mechanical techniques such as tungsten lamp welding and carbon 
nanotube- bridging have been reported to reduce relatively large RS of AgNW networks 
primarily arising from large RNW-NW [10, 34]. The electrical robustness of our Hybrid 2 
samples and AgNW network was further studied by re-measuring the electrical 
properties following application of uniform mechanical pressure (with a relative stress 
of ~ 100 kPa between the pressing surfaces) on the substrate containing the CTLM 





hybrid films show no change in their RS values.  This is consistent with a picture in which 
RNW-NW, the most resistive component of the percolative path in the AgNW network, is 
improved after applying pressure.   For hybrid films, the high-resistance NW-NW 
junctions are already circumvented by graphene; therefore, any change in NW-NW 
resistance due to mechanical pressure is not reflected in the overall resistance. The 
environmental stability of the hybrid films was evaluated by re-measuring the electrical 
properties following exposure to ambient conditions for 4 months. Hybrid 2 devices 
exhibited a reduced RS and no significant degradation in measured T (illustrated in 
Figure 6.1(A)). The lowest value of RS was 13 Ω/  (vs. 22 Ω/  prior to ambient exposure), 
with T550nm ~ 88% in Hybrid 2 films with AgNW concentrations D3 (see section 6.9 and 
appendix C).  Hybrid 1 devices also exhibited modest improvements in RS, but the T 
decreased following ambient exposure.  The different behavior in the two hybrid types 
is believed to be due to the graphene sheet acting as a diffusion barrier for atmospheric 
gases in Hybrid 2, which likely retards oxidation of the AgNWs.   
6.6 Bending test of graphene and Hybrid2 films on flexible substrates 
Graphene and Hybrid2 films (with CTLM devices) were fabricated on flexible PET 
substrates following similar fabrication procedures as described earlier (except the 
annealing temperature, which was kept at 1500C for PET). CTLM devices were fabricated 
and the resistances of the devices were measured without bending (bending radius-1 ~ 0 
mm-1) and with bend radii varying from 8.3mm to 14.6mm.  CTLM devices with largest 





represents a relatively large fraction of the overall resistance.  Figure 6.6 shows the 
measured resistance versus the inverse of the bending radius for graphene and Hybrid2 
films with NW densities D3 and D4 respectively.  While the resistance of the graphene 
sample increased by ~ 20%, the resistance of the Hybrid 2 samples changed only 
marginally over the measured range of bend radii, with the sample with largest NW 
density showing the lowest overall variation 
 
Figure 6.6 Measured resistances of CTLM devices (channel length of 100µm) versus 





6.7 Co-percolation transport in Hybrid graphene 
Concept of ‘percolation doping’ was previously proposed in hybrid SLG/NW systems 
where the conductivity can be improved (with respect to SLG with typical grain sizes) 
while preserving high transparency, by bridging the HGBs using metallic NWs [32]. 
Unlike chemical doping, this approach increases conductivity by providing conduction 
channels through NWs which connect grains that had previously been isolated by HGBs. 
The experimental result presented in Figure 6.4 (and summarized in Figure 6.1(A)) 
serves as a proof-of-concept of a more generalized version of percolation doping of SLG 
grains by NWs. In this copercolating system, the transport bottleneck of one component 
(e.g. AgNW) is circumvented by the transport channels of the other (e.g., graphene) and 
vice versa.  Although RS of Hybrid 1 and 2 can both be understood by copercolating 
transport, the lower RS in Hybrid 2 is attributed to the more intimate contact (and 
therefore, reduced RGr-NW and RNW-NW ) associated with the wrapping of the SLG over the 
NWs. The spontaneous wrapping of graphene over metallic nanoparticle surface (in our 
case, AgNWs) is energetically favored and is shown recently by Li et al. using molecular 
dynamics simulation [49]. 
For a quantitative interpretation and to determine the fraction of HGBs in SLG film, we 
calculate the RS of poly-graphene using a “one-node” random-network percolation 
model, as follows (the model is validated in reference 32; see appendix C). In a one-
node model, the SLG is represented by a 2D network of grains, each represented by an 
intra-grain resistance (RG ~ 150 Ω) corresponding to a grain-size (DG) of ~ 1µm, typical 





ensemble average over 500 samples (with fraction of high-resistance grain-boundaries, 
PGB = 67% [29]) offers consistent interpretation of circular TLM resistances (see Figure 
6.4(C)). 
To obtain the RS for Hybrid 1 and 2, the one-node model must now include a parallel 
network incorporating the self-resistances of NW (RNW~15Ω), junction resistance of RNW-
NW=1GΩ, and densities D1-D4 . This NW-network is connected at random points to SLG 
by RGr-NW, with different values for Hybrid 1 and Hybrid 2.   In interpreting the results of 
Hybrids 1 and 2, the co-percolating resistor network model suggests that approximately 
1/3 of the NWs make contact with the SLG. This is consistent with the quasi-three 
dimensional NW networks observed in the images, which make it unlikely that all the 
NWs are in physical contact with the SLG sheet. Of the NWs that do contact graphene, 
Hybrid 1 is characterized by RGr-NW ~ 550 Ω, as is typical for weakly coupled NW-
graphene network [50]. On the other hand, the behavior of Hybrid 2 is best interpreted 
by RGr-NW~0 Ω, reflecting the importance of wrapping of NW by SLG.  Independent 
recent experiments have attributed this vanishingly small RGr-NW to ‘chemical’ doping of 
SLG by charge transfer from AgNWs [51]. We believe that the anneal-induced doping of 
graphene by AgNWs is more effective for Hybrid 2, due to intimate wrapping of AgNW 









In conclusion, we have developed an approach for realizing high performance TCEs 
consisting of hybrid assemblies of graphene and silver nanowire networks of varying 
densities.  A RS of 22Ω/  was obtained in our hybrid films at 88% optical transparency 
(stabilized to 13 Ω/  after four months), with excellent stability upon atmospheric 
exposure, mechanical pressure and mechanical bending. These TCE properties are 
better than commercially-available ITO and comparable to the best reported results in 
TCEs.  A rigorous modeling study provides a model for the co-percolating conduction, in 
which the high-resistance grain boundaries in graphene are bridged by the AgNWs, and 
high-resistance junctions between NWs in a NW-network are bridged by graphene, 
resulting in a low RS even at modest NW densities.  The low RS can be attributed to grain 
boundary engineering, rather than to conduction through the AgNW networks. Our 
method could readily provide a route towards low-cost approaches for realizing high 
performance TCEs in various kinds of optoelectronic and photovoltaic devices involving 
2D and 1D nanostructure. 
6.9 Experimental methods 
Fabrication processes for SLG and hybrid films: Commercial CVD SLG on copper foil (ACS 
Materials Co., MA) was employed.  Standard procedures [22] were followed for plasma 
etching of SLG from back side of Cu and layer transfer onto a 1cm x 1cm quartz 
substrate (SPI Supplies, PA), including copper etching using iron nitrate solution.  





20-60μm, are dispersed in isopropyl alcohol at a concentration of 0.1mg/mL. AgNW 
networks were drop cast either after (Hybrid 1) or before (Hybrid 2) SLG transfer, with 
density controlled by number of drops.  Finally, the hybrid films were annealed for 1 
hour in forming gas at 3000C with a 40 sccm flow rate. The schematic process flow of 
SLG transfer and fabrication of hybrid films is shown in appendix C. SLG and Hybrid2 
films were also fabricated on transparent, flexible PET substrates (from Dupont) for 
mechanical bending tests.  
Raman mapping, FESEM, and HRTEM measurements: The Raman spectra and Raman 
spatial mapping were performed using a Raman spectrometer (Horiba Jobin Yvon Model 
Xplora with a confocal microscope and motorized sample stage) in a back-scattered 
geometry with a CCD detector and 532nm excitation source. The laser spot size was 
~0.6μm with a 100x objective lens with numerical aperture (NA) of 0.9. Using a pixel size 
of 0.2μmx0.2μm, multiple 6μm x 6μm regions were mapped.  The spectral resolution 
was 2.5cm-1 (corresponding to grating with 1,200 grooves per mm), and each spectrum 
was averaged over three acquisitions of 5 sec each. The spectra were baseline corrected 
and fitted with Lorentzian line shape for evaluating peak intensities and positions. 
FESEM images were taken in secondary electron mode using a Hitachi S4800, with 
accelerating voltage below 1kV to minimize electron beam-induced damage. TEM 
images were taken using a FEI Titan environmental HRTEM at an accelerating voltage of 
80-100kV (representative images shown in appendix C). Selected area electron 
diffraction (SAED) patterns were extracted from fast Fourier transform (FFT) analysis 





blocked by a 30μm objective aperture filter around each of the equivalent diffraction 
peaks. A procedure comparable to that recently reported for highlighting grains using 
DF-TEM was employed [25]. 
Device fabrication and electrical measurement: CTLM electrode with channel lengths of 
~7, 22, 49 and 100 μm were fabricated by evaporation of Ti/Pd/Au (thickness 
1nm/30nm/20nm) in a Kurt J. Lesker electron-beam evaporator with base pressure of 
~9x10-7 Torr, followed by lift-off. Two-terminal current vs. voltage measurements were 
performed using a probe station (Cascade Microtech.), Keithley 7174A switch matrix 
system, and a Keithley 4200 SCS semiconductor parameter analyzer. Sheet resistances 
were measured using CTLM [43], with geometry correction before sheet resistance 
calculation [44-45]. Figure in appendix C shows (i) the circular TLM pattern used for the 
devices, (ii) statistical distribution of the measured data, and (iii) final fitting of the curve 
to extract the sheet resistance of SLG, Hybrid 1 and Hybrid 2 (corresponding to AgNW 
density of D4). In calculating the ensemble average, we have excluded a very small 
fraction (less than 10%) of ‘outlier’ devices whose sheet resistance deviated more than 
50% from the ensemble mean, indicating damaged SLG and/or improper processing. 
Specular and diffusive transmittance: Since the surfaces of the hybrid films are textured, 
it is important to characterize their diffusive and specular transmittances. The diffusive 
spectra for the (i) quartz substrate, (ii) quartz with SLG, and (iii) the quartz with hybrid 
films were all measured at normal incidence using a Perkin Elmer (lambda 950) 
UV/VIS/NIR spectrophotometer. The instrument was first calibrated with standard 





measurements were made in 300nm-1200nm wavelength range with data taken at each 
5 nm interval. The specular measurements were made using a Cary 5G UV/VIS/NIR 
spectrophotometer over the same wavelength range at normal incidence. As shown in 
appendix C, the difference between both transmittance increases with nanowire density, 
as expected. 
Optical simulation for AgNWs: A 2D approximation of the AgNWs structure (without SLG) 
was used to model (by solving the 3D Maxwell’s equations numerically) the optical 
response of the AgNWs nanonet structure used in Hybrid 1 and Hybrid 2. Numerical 
study using COMSOL RF-module and MATLAB were used for both transverse electric (TE) 
and transverse magnetic (TM) waves. See appendix C for details.  
Mechanical stress and chemical stability: Mechanical pressure was applied on the 
devices with AgNWs as well as the devices with hybrid films by pressing the CTLM 
devices. Electrical measurements were performed just after applying the pressure. The 
chemical stability of the hybrid samples were assessed by storing the devices over four 
months in nitrogen-filled glove-box, then exposing the devices to normal atmospheric 
condition for 4-5 days, and finally, measuring the sheet resistance at the end of the 
period. The details of the measurement results are given in appendix C. For the 
mechanical bending test, the SLG and Hybrid2 films were wrapped over the surfaces of 
half-cylindrical forms of radii 14.6mm, 11.5mm, and 8.3mm respectively and the CTLM 
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This thesis presents research work on both nanoscale materials as well as device 
configurations in an effort to explore the electronic and photonic transport phenomena 
in complex structures. The work started with InSb nanowire growth aspects. Unlike 
sophisticated vapor deposition techniques such as CVD growth technique involving high 
temperature growth, a simple, economic and room temperature electrochemical 
growth technique followed by controlled annealing procedure was explored to get 
straight as well as branched NWs. Since a part of the thesis’s focus was to grow 
nanoscale materials, InSb nanowire structure in terms of its crystal structure, phase, as 
well as the geometrically tailored structure was studied in detail using number of 
material characterization techniques.  
InSb nanowires from device standpoint are interesting because they provide low power 
high mobility transistors; within certain diameter range it may provide 1D transport 
phenomena which is useful for radio frequency circuits and because of high spin orbit 
coupling it is interesting for physical phenomena that involves spin as well as 
‘quasiparticle’ dynamics. We have shown the transistor characteristics from 
electrodeposited InSb nanowires, however, it would be interesting to see the 





Because of the fact that InSb NWs below 23nm diameter are predicted to show 1D 
transport behavior it would be promising to explore this research direction in future. In 
terms of fundamental physics aspects, although initial experiments in this thesis work 
on InSb nanowires with aluminum contacts showed quantum dots behavior, efforts 
need to be done to develop an electrically transparent barrier between the channel and 
contacts. That would enable to demonstrate physical effects such as ‘proximity effect’ in 
the electrodeposited wires.  
Advanced nano-engineered semiconducting materials (semiconductors with nanoscale 
tailoring in size) are capable of manipulating light in terms of having low reflectance, 
tuning of absorption spectrum (such as maintaining broadband or gradual/sharp change 
of absorption) and so they are on demand for designing next generation photovoltaic 
and/or optoelectronic devices. This thesis has explored the design and characterization 
of such an architecture called ‘branched nanowire array’. Detail analysis on the optical 
characterization as well as modeling studies was made to demonstrate the near unity 
absorption in UV/VIS spectrum and wavelength dependent absorption in NIR regime. It 
is important to note that the conclusion was made based on ‘tailored structure’, neither 
from effective medium nor from quantum confinement effects. Therefore, in principle 
the branch nanowire design can be made for any other material of interest that can be 
grown using electrodeposition. The device proposal is given in the thesis, however, the 
fabrication and demonstration of InSb BNW array detector by choosing and 
demonstrating right p-type material (for pn junction formation with nanowires) and 





The percolation doping of single layer graphene by silver nanowire network 
demonstrating record low sheet resistance (for graphene based materials) at 90% 
optical transparency with 550nm wavelength is particularly useful for transparent 
flexible devices. The thesis not only exceeds the best reported values of performance 
metrics (i.e., sheet resistance at 90% optical transparency at 550nm wavelength) to date 
but also predicts a mechanism called ‘co-percolation transport’ in hybrid 2D-1D 
structures where the conduction bottleneck of one component is circumvented by the 
other one. This theory not only applies particularly to the polycrystalline graphene and 
silver nanowire system but can also be applied to any 2D and 1D systems. Also the 
robustness of the hybrid electrodes developed in this thesis was further validated by 
layer-transferring them on flexible transparent substrates (standard PET substrates). 
While pure graphene loses its electrical properties hybrid graphene retains them upon 
bending. We have studied the sheet resistance at various locations over a sample of 
approximately 1 cm x 1 cm.  This dimension is comparable to the typical stripe width of 
an organic photovoltaic cell, in which the transparent electrode is segmented into 
stripes (in order to allow series connections of various regions) and the non-transparent 
electrode is continuous.  The observation of comparable sheet resistance values at 
various locations over the 1 cm2 region provides evidence that the hybrid 
graphene/nanowire structure may be suitable for large-area contacts. These studies 
have made all the necessary requirements for using the hybrid graphene electrodes in 





We have fabricated organic solar cells using graphene as the transparent (bottom) 
electrode, which should serve as a reference device for the hybrid electrode, and 
compared to devices employing ITO.  The structures employ P3HT-PCBM phase-
segregated active materials and aluminum top contacts. The schematic diagram as well 
as a photograph of actual organic photovoltaic device is shown in the figure below 
 
Figure 7.1 An organic photovoltaic cell using graphene electrode 
 
Figure 7.2 Photovoltaic characteristics and and a direct comparison of graphene 





As shown above, the measured dark and illumination current in the graphene-based 
device is larger than that of the ITO device, indicating that graphene can be a high-
quality contact to organic photovoltaics. Cell fabrication with hybrid graphene is under 
current and future studies. However, optimization of the fabrication procedures as well 
as the band alignment picture in these devices need to be studied which can potentially 
enhance the device performance. 
Other studies of current and future interest on Hybrid graphene electrodes: There are 
few more physics based studies under current and future investigations those are 
practically necessary from a device standpoint; such as the surface potential 
measurements and the thermoreflectance measurements. While the first one will 
enable to determine the work function of hybrid graphene electrodes the second one 
will give us the nanoscale heating in this composite material. This, in fact, will further 




































A1. XRD analysis 
The x-ray diffraction of electrodeposited InSb BNW array was measured using a Bruker 
D800 focus powder diffractometer with Cu Kα1 wavelength of radiation (λ = 1.5406 A0) 
(see XRD figure in chapter 4). The lattice parameter calculation in each of the diffracted 
direction is as follows:  
d along different lattice planes and estimated lattice constant: 
dhkl = λ/ 2 sinθ a = dhkl√ (h2+k2+l2) 
d111 = 3.7014 A0 a = 6.4108 A0 
d220 = 2.2747 A0 a = 6.4340 A0 
d311 = 1.9432 A0 a = 6.4450 A0 
d400 = 1.6127 A0 a = 6.4510 A0 
d331 = 1.4813 A0 a = 6.4569 A0 
d422 = 1.3176 A0 a = 6.4552 A0 
d511 = 1.2437 A0 a = 6.4627 A0 
Considering these values of lattice constant, the maximum mismatch between the 









B1. Branched structure and crystal structure of the nanowires 
 
B1-Figure 1: (a) & (b) Cross sectional view of FESEM image of RBNW1 and RBNW2 
(inverted) showing the branched InSb NWs. (c) HRTEM image of a single InSb nanowire. 
Inset shows the FFT analysis of the high resolution image of a NW (d) Zoomed-in image 





direction is [111] and the selected area electron diffraction (SAED) pattern confirms a 
zinc blende crystal structure with lattice constant of 6.4782  
B2. Statistical analysis of diameter of the middle and bottom regions of InSb NWs in 




B2-Figure 2: (a) Cross-sectional FESEM image of RBNW sample. (b)-(c) Histogram of wire 
diameters estimated from images at 2 separate regions; (d) Cross-sectional FESEM 
image of RBNW at another location separated from (a) by hundreds of microns, showing 





Using a FESEM image of a representative region a statistical study of the diameter 
distribution gives an idea of randomness in the RBNW structure. (a) Sample diameter 
distribution of regions 2 and 3 can be estimated and is shown in (b) and Fig. (c) 
respectively. From this distribution, the mean diameter and standard deviation within 
region 2 are estimated to be (𝑑,𝜎) = (100,25)nm. A similar analysis for region 3 yields (𝑑,𝜎) = (150,25)nm.  
A given RBNW sample exhibited relatively uniform optical density (as judged by visual 
inspection) over an area of several mm2 (larger than the spot size used in optical 
measurements). In order to understand the uniformity of structural properties more 
specifically, FESEM images were taken at several locations separated by a significant 
fraction of the spot size. Comparable characteristics were observed at various locations, 
including average pore spacing, diameter distribution, average NW length and fill factor. 
Fig. (d) depicts the cross-sectional FESEM image of the same RBNW sample taken at 
another location that is separated by ~ hundreds of microns from previous location 












B3. Numerical simulation of RBNWs array 
 
B3-Figure 3: Simulation details for numerical study of the RBNW structure. 
The numerical calculation setup is schematically presented in Suppl. Fig. 4. Each set of 
branch has two NWs on the top (from where the light is incident) and one NW at the 
bottom. A set of 9 set of branches are considered. The setup is terminated with periodic 
boundary condition in the y-direction. For the nine set of branches, the NW positions 
are kept uniformly periodic. Only the diameters are random having Gaussian 
distributions. The 18 NWs (9-set × 2-NWs) in the top layer has �?̅?𝑎,𝜎𝑎� = (100,25)nm 
and the bottom layer has �?̅?𝑏 ,𝜎𝑏� = (150,25)nm. The lengths of the two layers are 𝐿𝑎 
and 𝐿𝑏 respectively. We fix 𝐿𝑎 = 700𝑛𝑚. The length of the bottom layer is varied so 
that the total length is 800nm and 1.4𝜇𝑚 to quantitatively represent RBNW1 and 
RBNW2. The whole structure is embedded in 10𝜇𝑚 of PAA. The unfilled portion of the 





configuration subject to a normally incident TM wave are calculated using COMSOL-RF 
module and MATLAB. We also evaluate the absorbance, reflectance and transmittance 
of the 2D representative structures of RBNW1 and RBNW2. The calculations were done 
in the wavelength range of 200𝑛𝑚 < 𝜆 < 1700𝑛𝑚. 
Full 3D numerical simulation of randomness branched NW array is computationally 
demanding. To reduce the computational burden, we approximate full-wave 3D 
simulation of 3D-NWs by corresponding simulation in 2D geometry with transverse 
magnetic (TM) wave. To justify this assumption, we compare in Suppl. Fig. 5 the 2D (TM) 
solution with 3D results for uniform branched NW structure. We find that the 2d 
approximations reproduce all the essential features of the 3D simulation, up to a scale 
factor 𝑓𝑠𝑐𝑎𝑙𝑒 ~ 1.3. This scaling reflects slightly different geometrical constructs between 
2D and 3D simulation and explains the slightly different roll off points for experiment 







B4-Figure 4: Comparison of 2D approximations and full 3D results for a uniform 
branched NW structure. (a) The normalized absorbance from the scaled result of 2D 
approximations is comparable to 3D results, with a scale factor of fscale~1.3. Detailed 
comparisons the cumulative absorbance profile shown in (b) for 3D simulation and (c) 
for 2D-TM simulation confirm that the approximate simulation preserve the key 
features (including wavelength resolved absorption) and therefore, could be used to 









B5 ‘Absorbance’ and ‘Normalized Absorbance’ 
 
B5-Figure 5: Absorbance (dashed blue line) and Normalized absorbance (solid black line) 
for (a) 800nm (i.e., RBNW1) and (b) 1.4µm (i.e., RBNW2) long samples. 
We present a comparison between absorbance and normalized absorbance in Fig. 5. It is 
clearly seen that the normalization process eliminates the discrepancies due to the 
different reflections of the various structures while keeping the essential features and 
trends of the absorption profiles. The normalized absorbance represents how efficiently 
















C1. FABRICATION PROCESS OF HYBRID FILMS OF GRAPHENE AND AgNWs 
 
Figure C1 SLG transfer process of CVD graphene grown on copper and the fabrication 






O2 Plasma etching 
backside graphene
































C3. CIRCULAR TLM ELECTRICAL MEASUREMENT DATA 
  
 
Figure C3 CTLM electrode patterns and measurement results. A. Optical image of CTLM 
electrodes with four different channel spacing, s (μm). Measured data points, mean 
value of measured data points, and corrected mean value of measured data for SLG (B), 
Hybrid 1 with AgNW density of D4 (C), and Hybrid 2 with AgNW density of D4 (D) 
respectively.  
C4. ELECTRICAL MODEL 
For a given NW density, an ensemble of five hundred samples was used to study the 
transport characteristics of the hybrid film. It was found that while the average size of 





distributions of the grains do not. Therefore, a simple “one-node model” can 
quantitatively reproduce the results obtained from more sophisticated, finite difference 
analysis of graphene films with realistic microstructures. In the one-node model, each 
grain is represented by a “super-node”; the grains are separated from each other by a 
set of high-resistance grain boundaries (RHGB) and low-resistance grain boundaries (RLGB) , 
See Figure C4 A. For this study, we assumed a typical values of RHGB/RG ~10, RLGB/RG~1, 
and RG= 150 Ω/sq, where RG is the intra-grain sheet resistance.  For the poly-graphene 
samples with average grain size of 1 μm, it is found that the percentage of high-
resistance GB, PGB = 67%, gives a good match between our model and experiments. 
Figure C4 illustrates how the NW doped graphene is modeled with the one-node model. 
The AgNW resistance (RAgNW) and SLG-AgNW contact resistance (RGr-AgNW) were also 
taken into consideration in order to simulate the hybrid films. In this study, the AgNW 
resistivity is set to be 15 Ω/μm; thus, for each grain with grain size ~1μm, RAgNW =15 Ω. 
For each grain, the contact resistance between grapheme and AgNW, i.e., RGr-AgNW , may 
vary from 0~550Ω, depending on how strong SLG is coupled to AgNWs (i.e. Hybrid 1 vs. 







Figure C4 (A) In the one node model, each grain is represented by a single “super-node” 
(black point) of a network (see Figure S6). These grains are separated from each other 
by the inter-grain (solid red line) sheet resistances, which could be either high-resistance 
grain boundaries (RHGB), or low-resistance grain boundaries (RLGB). (B) A single AgNW 
bridges multiple grains. Schematics of resistor network model that represents the 
interaction of a single AgNW with a series of grapheme grains. Within each super-node, 
the RG, RAgNW, RGr-AgNW are divided into several sub-resistors to account for the 
distributed contact between SLG and AgNW. These sub-resistors are represented by rG, 


























RLGB/RG~1 and RG = 150 Ω/sq.  An ensemble of five hundred samples was used for 
calculation. (C) Various current flow paths and the associated resistance in hybrid Gr-
AgNW structure. 
Linear TLM vs. circular TLM comparison (simulation) 
In Figure C5, we compare linear TLM and circular TLM results as a function of PGB to 
confirm whether the correction method used in this paper (derived from classical ohmic 
transport) is valid for poly-graphene and poly-graphene/NW hybrid films characterized 
by percolating transport through grain boundaries. It is evident that the Rs from circular 
and linear TLM structure produce very similar results, establishing the validity of 
classical transport. Results could be understood as follows: As shown in ref. [32], when 
channel length is larger than about 7 × grain size, and conductance exponent is close to -
1, i.e. G ∝ L-1- almost independent of PGB. This behavior is a signature of diffusive 






Figure C5 Simulation performed for both linear and circular TLM. A. The simulation 
domain for linear TLM. B. The simulation domain for circular TLM. C. Simulation results 
of sheet resistance versus the percentage of high resistance grain boundaries for SLG 
and hybrid films. The resulting sheet resistance obtained from linear (dashed line) and 
circular TLM structure (solidline) are essentially indistinguishable. The width of the 
simulation domain (denoted as 'W' in Figure A3-5A and A3-5B) is set to 10 times the 
grain size (10 x 1 μm), after which the width dependence of the transport properties 

















Figure C6 Schematics for one-node model and different kind of grain distributions. A. 
Schematics for one-node model. The blue line represents the LGB, while the thicker red 
line represents the HGB. B. Square grain distribution. C. Hexagonal grain distribution.  
 
Because the test structure used in this study is at least 7 times longer than the average 
grain size, and since the NW densities exceed percolation threshold significantly, the 
classical correction formulation for circular TLM need not be modified for percolating 
transport. The validity of the "one-node model" was established by comparing it to the 
finite difference method for various types of microstructures. Here, shown in Figure C6 
A, each grain was represented by a node and the GBs were represented by resistors. 
The LGBs are shown in blue lines (RLGB), while the HGBs are shown in thicker red lines 
(RHGB). All the parameters used here are the same ones used above and, therefore, the 
whole CVD graphene can be simulated by a network of resistors. Figure C6 B and C show 
the comparative schemes for simulation of different grain shapes (square or hexagon), 














C5. SPECULAR AND DIFFUSIVE TRANSMITTANCE 
 
As shown in Figure C7, diffusive transmittance integrates both the direct light and 
scattered light, whereas the specular transmittance considers only the light passing 
directly through the structure. Therefore, the difference between diffusive and specular 
transmittance arises from the contributions of scattered light; and this difference is 
expected to increase with nanowire density.  Figure C7 shows the measured diffusive 
and specular transmittances; the difference increases with nanowire density, as 
expected. Therefore, the hybrid films not only reduce the sheet resistance dramatically, 
but also randomize angle-distribution of the incident light for improved light absorption 
















Figure C7 Measured diffusive (blue) and specular (red) transmittances for SLG/AgNW 
hybrid films. The AgNW densities in the hybrid films are (D1) 2x106 cm-2, (D2) 2.8x106 
cm-2, (D3) 3.6x106 cm-2, and (D4) 4.8x106 cm-2, respectively.  
C6. OPTICAL SIMULATION FOR AGNWS NETWORK 
A periodic array of AgNWs would have (undesirable) oscillations in the transmittance 
due to resonances in reflection and transmittance at different wavelengths. A network 
of randomly positioned NWs suppresses these resonances, and yields steady 
transmittance over a broad range of wavelengths.  
 
 
Figure C8 Calculated transmittance spectrum for AgNWs with density 3.6x106 NWs/cm2 
(D3). The black, dashed line represents optical transmission through a perfectly periodic 
array of AgNW. The cyan lines correspond to five different runs for randomly spaced 
AgNWs (see text for details). The red line is obtained by averaging the random 



















transmission over the five runs. This ensemble averaged optical transmission is 
compared with experimental results.   
Specifically, for the numerical simulations of the optical response, we create an 
ensemble of random structures with 10 AgNWs, as follows.  The average spacing (unit 
cell) between a pair of NW is defined by the density of NW, i.e., D1, D2, D3, D4, and 
length LNW~40 μm, diameter DNW ~90 nm. Each NW is randomly positioned inside its unit 
cell yielding the randomly positioned NW structure used in our simulations. The 10-NW 
ensemble is terminated by periodic boundaries on both sides; therefore, the period of 
the configuration is given by 10 x NW unit cell. We consider both transverse electric (TE) 
and transverse magnetic (TM) waves for our numerical study using COMSOL RF-module 
and MATLAB. The average of TE and TM responses give the transmittance spectrum. We 
generate five random configurations (for any given density of AgNWs) for each NW 
density. The average of the optical transmittances of the ensemble of configurations 
results in the final transmittance spectrum at the specific AgNW density. 
The results for 3.6x106 NWs/cm2 density (D3) are shown in Figure C8. The cyan lines 
correspond to five different random configurations for the same NW density. The 
average of these results yields the final transmittance shown by the red line. The black 
dotted line represents the result for the perfectly periodic structure of the same density. 
As explained earlier, the randomness suppresses the oscillations in the transmittance 






C7. MECHANICAL STRESS AND CHEMICAL STABILITY TESTS OF AGNWS NANONET 
DEVICES AND HYBRID DEVICES 
Mechanical pressure was applied on both AgNWs nanonet CTLM devices and hybrid 
CTLM devices by pressing them with a relative stress of ~100kPa. Results show that the 
sheet resistance of AgNW-ONLY samples decreases by a factor of 3 on application of 
pressure. However, the resistances of Hybrid 2 samples remain essentially unchanged 
after pressing. We believe that the wrapping of AgNW by poly-crystalline SLG in Hybrid 2 
structure ensures intimate contact between AgNW and SLG. In such a co-percolating 
system, the SLG grain boundary is bridged by AgNWs, and NW-NW junctions are bridged 
by SLG so effectively that any reduction of NW-NW junction resistance by external 
pressure is not reflected in the Hybrid 2 sheet resistance. 
During the four month and 4-5 days exposure of the devices to nitrogen and air 
respectively, the resistance stabilized to somewhat lower values for all samples (~100 
samples) in both Hybrid 1 and Hybrid 2 configurations. As shown in Figure C9, in case of 
Hybrid 2 film with D4 concentration of AgNWs, a record low sheet resistance of 13 Ω/sq, 
with 88% transmittance at 550nm was obtained. This improved electrical stability and 
reliability of Hybrid 2 devices might be explained by the evaporation of trapped solvent 






Figure C9 Sheet resistance change over time for both Hybrid 1 and Hybrid 2 films 
 
      
Figure C10 Photographs of Hybrid 1 and Hybrid 2 with NW density D4 look similarly 
transparent immediately after fabrication. After 4 months, however, the color of Hybrid 
1 has changed into light brown, while that of Hybrid 2 remains transparent, similar to 
the pristine samples.  
Although the electrical properties of both Hybrid 1 and Hybrid 2 films improved 
following 4 months storage in Nitrogen and subsequent 4-5 days exposure to air, the 
optical properties of the two differ significantly: As shown in Figure C10, even a 4-5 days 
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exposure to air degrades the transmission of for Hybrid 1 (density D4) considerably, 
whereas the transmittance of Hybrid 2 film remains unchanged. The difference may be 
related to encapsulation of Hybrid 2 film by SLG which inhibits air-oxidation of AgNWs. 
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